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Concrete is produced more than any other material in the world. Sustainable 
construction is extremely important in today's industry and fly ash is the leading material 
for sustainable concrete design. The addition of fly ash improves many fresh and 
hardened concrete properties. However, the slow hydration process associated with fly 
ash makes the use of the material in large amounts undesirable in conventional 
construction. This study evaluated the hardened concrete and durability performance of 
several high-volume fly ash (HVFA) concrete mixes. 
The various HVFA concrete mixes evaluated within this study consisted of 70 
percent replacement of portland cement by weight of cementitious material and water-to-
cementitious ratios (w/cm) ranging from 0.30 to 0.45. Studies were conducted on 
hardened properties including: compressive strength, flexural strength, splitting tensile 
strength, and modulus of rupture. A shrinkage analysis was also performed to evaluate 
drying and free shrinkage. The durability performance of the HVFA concrete was also 
evaluated. 
Results obtained from the tests revealed that compressive strengths of HVFA 
concrete are comparable to portland cement concrete with a reduced w/cm. Also, a 
reduction in concrete shrinkage was observed for HVFA concrete. The durability testing 
showed HVFA concrete increased the corrosion resistance and decreased the chloride 
penetration. Finally, existing relationships for hardened material properties and 
durability of conventional concretes are applicable to HVFA concretes. 
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1. INTRODUCTION 
1.1. BACKGROUND, PROBLEM, & JUSTIFICATION 
Concrete is produced more than any other material in the world. It is used in 
many applications such as road, dams, bridges, and buildings because of its versatility, 
strength, and durability. Fly ash from coal-burning electric power plants became readily 
available in the 1930s. Around that same time in the United States, studies began on use 
of fly ash in hydraulic cement concrete. In 1937, results of research on concrete 
containing fly ash were published [Davis et al., 1937]. This work served as the 
foundation for early specifications, methods of testing, and use of fly ash. 
The production of portland cement, the binder in concrete, requires significant 
energy and emits enormous amounts of carbon dioxide (C02) as well as numerous other 
pollutants. The construction industry currently uses fly ash to partial1y replace cement, 
but only at modest levels ranging from 15 to 30 percent [Hopkins et aI., 2003]. Using fly 
ash more frequently or in larger amounts, such as in high-volume fly ash (HVFA) 
concretes, would reduce the environmental impacts of concrete production. 
Aside from the environmental standpoint of fly ash, this material has undergone 
extensive studies to better understand chemical compositions and reactions. Using fly 
ash to reduce C02 emissions and energy consumption when producing concrete are great 
advantages, but from a construction and freshlhardened property perspective, this 
material requires some special consideration due to its inherent natures. Fly ash is 
generally a low reactive material compared to portland cement, thus requiring some 
additional curing time for adequate strength gain. The addition of chemical admixtures 
or activators assist in initiating the hydration process allowing for a shorter curing period, 
while still gaining sufficient strength. Further studies using HVFA concrete, consisting 
of greater than 50 percent fly ash replacement, are showing positive results in terms of 
strength and durability. Fly ash concrete is proving to be a viable contender to 
conventional concrete. 
Although fly ash is a recycled material, it not only decreases the environmental 
footprint of concrete, but can have other characteristic benefits when used as a cement 
replacement in concrete. Fly ash is now used in concrete for many reasons, including: 
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improvements III workability of fresh concrete, reduction in temperature rise during 
initial hydration, improved resistance to sulfates, reduced expansion due to alkali-silica 
reaction, and increases in durability and strength of hardened concrete [Huffman, 2003]. 
1.2. OBJECTIVES & SCOPE OF WORK 
The main objective of this study is to illustrate the behavior of hardened 
properties and to characterize the relative corrosion resistance of high-volume fly ash 
(HVF A) concrete compared to that of conventional concrete. 
The following scope of work was implemented in an effort to attain this objective: 
(1) review applicable and relevant literature; (2) develop a research plan; (3) evaluate the 
hardened properties of several high-volume fly ash concrete mixes; (4) evaluate the 
corrosion resistance performance of the above concrete mixes with embedded 
reinforcement through designing, constructing, and monitoring of several reinforced 
concrete ponding specimens; (5) verify the validity of using the current hardened 
property tests on high-volume fly ash concrete; (6) quantify the high-volume fly ash 
concrete's ability to resist the onset of corrosion when subjected to a chloride induced 
environment; (7) conduct a forensic investigation upon the reinforced concrete ponding 
specimens; (8) analyze the information gathered throughout the testing to develop 
findings, conclusions, and recommendations; and (9) prepare this thesis in order to 
document the findings of information obtained during the study. 
1.3. RESEARCH PLAN 
The research plan entailed investigating concrete mixture proportioning with 
portland cement and various amounts of fly ash, ultimately developing a mix design to be 
tested that is categorized as high-volume fly ash, as described in Section 3. A number of 
hardened concrete property tests were completed to evaluate the performance of the high-
volume fly ash concrete mix and determine the validity of using these tests to predict the 
performance of concretes containing high volumes of fly ash. Shrinkage specimens were 
also constructed to evaluate the shrinkage of the high-volume fly ash concrete as the 
hydration period progressed. 
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Specimens were constructed to evaluate the concrete durability in terms of 
chloride penetration by electrical and ponding methods, freeze-thaw resistance, concrete 
resistivity, and corrosion potential. The HVFA concrete was compared against the 
portland cement concrete to better understand the effects each test had on the HVF A 
concrete. A forensic evaluation of steel reinforcement was also performed on those 
specimens containing steel reinforcement to further identify the validity of using concrete 
resistivity and corrosion potential on HVFA concrete. 
1.4. OUTLINE 
This thesis consists of six sections and three appendices. Section 1 briefly 
explains the industry history of using fly ash and common benefits for its implementation 
in concrete design. Also within Section 1 are the objectives, scope of work, and research 
plan. 
Section 2 summarizes the origin and properties of fly ash and in such applications 
the advantages from an environmental standpoint. Also discussed are the processes by 
which steel corrodes within concrete, methods that are commonly used to evaluate the 
condition of the steel embedded in concrete, and the test that may be used to evaluate the 
durability in terms of concrete resistivity of a high-volume fly ash cementitious material. 
Lastly, Section 2 consists of the background and correlation on using hardened concrete 
property testing to evaluate high-volume fly ash concrete mixes and the basis of 
modifying the standard shrinkage test that predicts shrinkage. 
Section 3 explains the composition and chemical attributes of the Class C fly ash 
used. Also within Section 3 are the methods and procedures used to determine applicable 
high-volume fly ash concrete mix designs to be used for subsequent testing. 
Section 4 pertains to hardened property tests including; compressive strength, 
flexural strength, modulus of rupture, modulus of elasticity and shrinkage. Each section 
within Section 4 covers specimen details, test procedures, results, and findings. 
Section 5 explains the several methods used to evaluate the durability of HVFA 
concrete. Specimen details and testing procedures are also included. Evaluation of 
durability resilience is also discussed. 
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Section 6 restates the findings that were established during the course of the study 
that leads to the conclusions and recommendations presented therein. 
There are three appendices contained within this thesis. Appendix A contains 
additional information associated with the hardened concrete property testing. Appendix 
B contains test data related with the shrinkage analysis performed for evaluating concrete 
shrinkage of the high-volume fly ash concrete mixes. Appendix C contains additional 
information, test data, and photographs associated with the durability tests. 
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2. LITERATURE REVIEW 
Concrete is produced more than any other material in the world. It is used in 
many applications such as road, dams, bridges, and buildings because of its versatility, 
strength, and durability. F1y ash from coal-burning electric power plants became readily 
available in the 1930s. Around that same time in the United States, studies began on use 
of fly ash in hydraulic cement concrete. In 1937, results of research on concrete 
containing fly ash were published [Davis et aI., 1937]. This work served as the 
foundations for early specifications, methods of testing, and use of fly ash. 
2.1. FLY ASH 
Fly ash is an incombustible byproduct from burning coal mainly in electric 
generating power plant facilities. The most common production of fly ash is from a dry-
bottom boiler which bums pulverized coal. In this process, about 80 percent of all ash 
leaves the furnace as fly ash and is entrained in the flue gas. The fly ash is then coJlected 
in hoppers by means of an electrostatic precipitator as shown in Figure 2.1 or a 
mechanical precipitator. Both col1ection processes can generate fineness, density, and 
carbon content variations in the fly ash from hopper to hopper. Although, typical particle 
size can range from 0.00004 in. (1 ~m) to more than 0.008 in. (200 ~m) and density of 
individual particles from less than 62.4 Ib/ft3 (1000 kg/m3) hollow spheres to more than 
187 Ib/ft3 (3000 kg/m\ coal burned from a uniform source generally produces very 
consistent fly ash [Huffman, 2003]. A more homogenous material is created when the 
hoppers are emptied and the fly ash is conveyed to storage. 
2.1.1. Chemical Composition and Reactivity. Since, the composition of fly ash 
is controJled primarily from the source of coal, there are two types of fly ash generated 
for concrete, Class C and Class F. Class F fly ash is derived from bituminous coals and 
Class C fly ash is derived from sub-bituminous coals. The formation of the fly ash 
particles comes from the high temperatures caused by the combustion which liquefies the 
incombustible minerals. Rapid cooling as the minerals leave the boiler causes the glassy 
structure of spherical particles to form [Huffman, 2003]. Fly ash primarily consists of 
silica (Si02), alumina (Ah03), iron (Fe203), and calcium (CaO) with smaller amounts of 
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magnesIUm, sulfates and other compounds. The greater amount of silica alumina, 
calcium in Class C fly ash is what mainly sets these types apart. Other differences 
include higher amounts of alkalis and sulfates in Class C fly ash. The combination of 
silica, alumina and iron must exceed 70 percent to be classified as Class F fly ash and the 
combination must only exceed 50 percent to be classified as Class C fly ash according to 
ASTM C618 [2004] "Coal Fly Ash and Raw or Calcined Natural Pozzolan for Use in 
Concrete". Table 2.1 shows the percentage by weight of chemical variations between 




Figure 2.1: Electrostatic precipitator fly ash 
collection process [Huffman, 2003]. 
Fly ash is defined as a pozzolanic material, "a siliceous or siliceous and 
aluminous material that in itself possesses little or no cementitious value but that will, in 
finely divided form and in the presence of moisture, chemically react with calcium 
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hydroxide at ordinary temperatures to form compounds having cementitious properties; 
there are both natural and artificial pozzolans" [Huffman, 2003]. The use of fly ash 
proves beneficial in combination with portland cement concrete. As normal hydration 
occurs in a portland cement concrete mix, the hydrates as previously mentioned, will 
react with the calcium hydroxide, thus producing additional cementitious material in the 
hardened concrete. Reaction wi11 continue to occur as long as calcium hydroxide and 
water is present in the pore fluid of the cement paste. At lower water-to-cement ratios 
(less than 0.40 by mass), it is indicated there wi11 be more voids available during 
reactions [Philleo, ] 991]. 
Table 2.1: Fly ash chemical differences expressed 
as percen t b . ht [Om 1997] I} weIgl Ice, . 
Component Class F Class C Lignite (Bituminous) (Sub-bituminous) 
Si02 20-60 40-60 15 - 45 
Al20 3 5 - 35 20 - 30 10- 25 
Fe203 10-40 4-to 4 - 15 
CaO 1 - 12 5 -30 15 -40 
M[?O 0-5 1-6 3 -to 
S03 0-4 0-2 o -to 
Na20 0-4 0-2 0-6 
K20 0-3 0-4 0-4 
LOI 0-15 0-3 0-5 
Fly ash has been found to produce very little immediate chemical reaction when 
mixed with water and will increase when additional alkali, calcium hydroxides or sulfates 
are available for reaction. This leads to a reduced amount of heat produced initially 
during the hydration process when fly ash is combined with portland cement. Studies 
have shown that hydration reactions can vary ranging from the chemical composition to 
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the morphology of fly ash particles and the fineness of particles to the water-to-cement 
ratio. Predicting concrete performance solely through characterization of fly ash is 
difficult and it is suggested that acceptability be investigated by trial mixtures of concrete 
containing fly ash and taken in regard to workability, strength characteristics, and 
durability [Huffman, 2003]. 
2.1.2. Physical Properties. As with any material used in concrete, the shape, 
size, particle-size distribution, and even density influence the properties of freshly mixed, 
unhardened concrete, the strength development, and other properties of hardened 
concrete. As previously mentioned, fly ash properties can vary based on the combustion 
process used or the coal being burned. Color variations are also another aspect in 
physical properties. While color is of no engineering concern, unless aesthetics is a 
consideration, this can indicate changes in the carbon content, iron content, burning 
conditions, and coal source. These color indicators can be useful in detecting possible fly 
ash property variances. 
Fly ash consists largely of glassy spheres that can be solid or hollow and slightly 
to highly porous. Figure 2.2 shows a microscopic view of fly ash particles. Reactivity of 
fly ash is highly dependent on the glass content and glass composition. Smaller amounts 
of calcium present from bituminous coals versus larger amounts of calcium present from 
sub-bituminous coals are the major difference of the fly ash glass composition. The 
fineness of individual particles also affects the reactivity and performance in concrete. 
Porous particles are more prevalent in a coarse fly ash and are less reactive than a finer 
fly ash with particle sizes ranging from 5 to 30 micron. Coarse fly ash is generally from 
a mechanical separator whereas an electrostatic precipitator collects finer fly ash particles 
[Huffman, 2003]. 
2.1.3. Effects of Fly Ash in Concrete. The use of fly ash in combination with 
portland cement in producing concrete is not uncommon to the industry and has been a 
practice for nearly 100 years. Using fly ash in concrete has grown dramatically over the 
years and the United States alone currently is estimated usage somewhere in excess of 6 
million tons per year. Due to this increase, extensive applied and fundamental research 
has been performed to support that appropriate uses of fly ash in concrete can result in 
technical and economic benefits. Currently a limitation of fly ash amounts in concrete is 
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set by the American Concrete Institute (ACI) Building Code [ACI 318, 2008], allowing 
only a maximum of 25 percent by mass of total cementitious material. Even with this 
limitation applied to the concrete and construction industry, researchers are investigating 
the possibilities of concrete designed with larger amounts of fly ash. It is suggested that 
concrete with a minimum of 50 percent by mass of total cementitious material is 
considered a high-volume fly ash (HVFA) concrete [Hopkins, 2003]. When concrete 
begins to exceed the allowable 25 percent and beyond to greater than 50 percent, concrete 
characteristics differs from portland cement concrete and may require special 
consideration. 
Figure 2.2: Fly ash at 4000x magnification [Huffman, 2003]. 
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As fly ash is used as a replacement and/or additional material the paste volume 
will increase for a given water content. Typically an increase in paste volume will 
produce greater plasticity and better cohesiveness. The shape of the fly ash particles is 
what really makes this material advantageous in concrete. Workability can greatly be 
increased as the water-to-cement ratio is reduced; the fly ash particles act as "ball 
bearings" making the concrete more fluid-like. Improved pump ability will also result 
with the use of fly ash. This may be desirable for such placement of concrete. Finishing, 
however, has slight effects from the use of fly ash in concrete. Due to the chemical 
composition of fly ash, as previously mentioned, a slower rate of hydration will occur, 
which in tum causes a slower setting time. Concrete of this nature should be finished at a 
later time to avoid possible surface weaknesses [Huffman, 2003]. Not only does fly ash 
ensue slower setting, stickiness and consequent difficulties in finishing may also be 
apparent as a result of the increased fines in the concrete. 
Compressive strength is nearly the most important attribute when it comes to 
evaluating properties of concrete. Form removal and construction progress depends 
largely on the concrete strength gained by certain days. The slow rate of hydration of 
HVFA concrete has the tendency to affect the compressive strength at 3 or 7 days. By 
using accelerators, activators, water reducers, or by changing the mixture proportions, 
equivalent 3 or 7 day strength may be achieved [Bhardwaj, 1980]. Increased early 
strengths can also be achieved by reducing the water-to-cement ratio to nearly 0.30. 
After the rate of strength gain of hydraulic cement slows, the continued pozzolanic 
activity of fly ash provides strength gain at later ages if the concrete is kept moist; 
therefore, concrete containing fly ash with equivalent or lower strength at early ages may 
have equivalent or higher strength at later ages than concrete without fly ash. This 
strength gain will continue with time and result in higher later-age strengths [Huffman, 
2003]. 
Concrete is a porous material and therefore permeable to water. Many factors 
affect permeability including: cementitious material, water content, aggregate gradation, 
and consolidation to list a few. Calcium hydroxide present during the hydration process 
of concrete may leach out of hardened concrete, leaving voids for the penetration of 
water. The pozzolanic properties of fly ash, chemically combines with calcium 
II 
hydroxide and water to produce C-S-H, which reduces the possibility of leaching calcium 
hydroxide. Additionally, the prolonged hydration of fly ash enhances the pore structure 
of the concrete reducing the possible ingress of water containing chloride ions. The 
leaching of calcium hydroxide to the surface of concrete can also cause an external 
reaction between the calcium hydroxide and carbon dioxide in the air fonning calcium 
carbonate (CaC03). This reaction is the fonnation of efflorescence, a white discoloration 
on the concrete [Huffman, 2003]. Since fly ash is used to reduce penneability and 
maintain a high- alkaline environment, as a result, efflorescence is reduced. However, it 
has been stated that certain Class C fly ashes of high-alkali and sulfate contents can 
increase efflorescence. 
2.1.4. Sustainability. Fly ash is a byproduct from burning coal and thus is 
considered a recyclable resource. Current production of conventional concrete consumes 
large quantities of raw materials and the principle binder, cement, contributes 
significantly to carbon dioxide emissions and energy consumption. Also, longevity of a 
structure is an important sustainable design consideration. The Environmental Protection 
Agency (EPA) states that green building complements the classical building design 
concerns: economy, utility, durability, and comfort. The use of fly ash in concrete 
addresses such sustainability issues making it a viable contender to cement in the 
concrete industry. 
Despite the economic and environmental advantages of using fly ash it still 
suffers from impacts brought on by changing environmental regulations. It is suggested 
that nitrous oxide emissions contribute to the production of acid rain and that nitrous 
oxide emissions be reduced. Nitrous oxide reduction systems have had a negative impact 
on the utilization of fly ash due to increased amounts of unburned carbon and other 
chemical residuals left in the ash. These systems reduce the burning temperature and also 
reduce the excess oxygen. Such change in the coal burning process greatly affects the 
characteristics of the fly ash. Lower burning temperatures can affect the particle-size 
distribution, particle morphology, glass content, and composition of fly ash. However, 
depending on the combustion modification systems used, effects can vary from 
significant to negligible. 
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2.2. CORROSION OF STEEL IN CONCRETE 
When steel is embedded in concrete there is a dense, impenetrable film known as 
a "passive" layer to provide protection against corrosion. The "passive" layer is 
established and maintained in high alkali environments, such as concrete, which prevents 
further corrosion of steel. Concrete contains high concentrations of soluble calcium, 
sodium and potassium oxides within the pore structure. Those concentrations within the 
pore structure form hydroxides which cause the highly alkali environment of the material 
when water is present. Despite the regenerating process, this passive layer is still 
susceptible to damage, allowing corrosion to penetrate the embedded steel [Broomfield, 
2007]. Destruction of the passive layer occurs when a sufficient amount of chlorides are 
located at the steel-concrete interface and/or when the concrete at a depth equal to that of 
the embedded steel becomes carbonated. 
2.2.1. Carbonation. Interaction between carbon dioxide gas contained in the 
atmosphere and alkaline hydroxides in the concrete form carbonation, which is carbonic 
acid (H2C03). Carbonic acid is formed when carbon dioxide gas (C02) diffuses through 
concrete and dissolves within its pore solution: 
The diffusion of carbon dioxide through concrete closely follows that of Fick's 
first law of diffusion and can be approximated by: 
dx 
dt = x 
(1) 
(2) 
where x is the distance to the surface, t is time, and Do is a diffusion coefficient that 
accounts for the quality of the concrete [Broomfield, 2007]. The carbonic acid is not an 
attacking substance, but simply neutralizes the alkaline environment of the concrete by 
reacting with available calcium hydroxide (Ca(OHh) within the pore solution forming 
calcium carbonate (CaC03): 
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(3) 
Calcium hydroxide helps to maintain the pH level, which is typically between 12 
and 13, to prevent corrosion. This additional calcium hydroxide comes from within the 
concrete and dissolves into the surrounding pore solution. Eventually all the calcium 
hydroxide reacts and the pH level begins to drop. Once the pH level falls and the passive 
layer can no longer be maintained, the steel becomes prone to corrosion. Carbonation 
damage progresses most rapidly in low concrete cover areas of the reinforcing steel and 
in very porous concrete structures. 
2.2.2. Chloride Attack. There are several sources in which chlorides are 
introduced into concrete. Chlorides cast into the concrete can originate from calcium 
chloride (CaCI2), a chemical admixture used to accelerate the hydration of portland 
cement, the use of seawater, or contaminated aggregates. Chlorides are more commonly 
from external sources which diffuse into concrete, such as seawater and deicing salts. A 
large portion of the chlorides that are cast into concrete will react with tricalcium 
aluminate (Ca3A1206 or C3A), a compound within portland cement, to form 
chloroaluminates. As chloride ions contribute towards the destruction of the passive 
layer, the reaction removes those chloride ions from the concrete's pore solution. 
However, carbonation of concrete is known to break down these chloroaluminates, which 
in tum releases the bound chlorides into the concrete's pore solution [Broomfield, 2007]. 
The chlorides, which were once bound, are now free to disseminate through the concrete 
and attack the passive layer. This action is similar to the chlorides that were externally 
introduced to the concrete. 
Transport of externally generated chlorides through concrete is commonly carried 
out by three specific mechanisms: absorption/capillary action, permeation, and diffusion. 
Absorption is the initial process in which chlorides from saltwater are transported several 
millimeters below the concrete's surface when saltwater is placed upon dry concrete. 
Hydraulic pressure may cause further permeation of the chlorides into the concrete if 
there is an accumulation of water present on the surface of the concrete. When a chloride 
gradient exists within the concrete and pore solution is present, chloride ions may then 
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diffuse through the concrete following Fick's second law of diffusion, which IS 
represented by Broomfield (2007) as: 
= erf Cmax - Cd (x) 
Cmax - Cmin .J4Dct 
(4) 
where variables within the error function (erf) correspond to the depth of Cd (x), time (t), 
and the concrete's diffusion coefficient (Dc). Variables Cmax and Cmin relate to the 
maximum and baseline chloride concentrations within the concrete, respectively. 
Variable Cd corresponds to the chloride concentration within the concrete at a certain 
distance (x) from the surface. 
Chloride attack begins when unbound chloride ions reach the passive layer of an 
embedded bar and promote the release of ferrous (Fe2+) ions by forming an iron-chloride 
complex (FeCh): 
(5) 
As the complex migrates away from the steel it reacts with water (H20) molecules 
contained in the concrete's pores: 
(6) 
This reaction causes the formation of ferrous hydroxides (Fe(OH)z) and hydrogen 
(H+) ions that locally reduce the pH of the pore solution surrounding the embedded bar, 
aiding in the destruction of the passive layer [Song et aI., 2010]. This chemical reaction 
at the steel surface will infinitely reoccur as long as chloride ions are released back into 
the pore solution. However, as researched by Delbert A. Hausmann [Hausmann, 1967], 
the hydroxide ions within the concrete continually compete to repair the chlorides' 
attempt in the destruction of a passive layer. 
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Through mathematical calculations and laboratorial experiments involving bare 
steel bars contained in a simulated porous, chloride contaminated, concrete environment, 
Hausmann discovered that the chlorides' success in breaking down a passive layer 
depended upon the ratio of chloride ions to hydroxide ions at the steel-concrete interface. 
He concluded that the ratio of chloride ions to hydroxide ion had to be greater than 0.6 in 
order for the bar to actively corrode. This ratio corresponds to 0.4 percent chlorides by 
weight of cement when the chlorides are cast into the concrete during batching. This 
percentage decreases by 50 percent when the chlorides are introduced to the concrete 
through external sources [Broomfield, 2007]. 
2.2.3. Corrosion Process. Once the passive layer has been comprised, areas 
of corrosion will begin to appear on the surface of the steel. Corrosion from chloride 
attack or carbonation produces the same chemical reaction. The actual degradation of a 
bar takes place at an area known as the anode. Steel corrodes in concrete by dissolving in 
the pore water giving up electrons. The anodic reaction creates two electrons (2e-) that 
are released into the surrounding concrete. To maintain electrical neutrality the electrons 
must be consumed elsewhere on the surface of the steel. 
(7) 
The site at which the electrons are consumed is known as the cathode. The 
cathode reaction uses the electrons provided by the anode in addition to the consumption 
of water and oxygen (02), to create hydroxyl ions (OR): 
(8) 
Once formed, the hydroxyl ions flow through the concrete, back to a location near 
the anode, to react with the ferrous ions and initiate the formation of rust. When in 
contact with one another, the ferrous and hydroxyl ions react to form ferrous hydroxide 
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Fe2+ + 20K ---+ Fe(OH)2 (9) 
Two additional reactions are required before the commonly seen red rust is 
created. First, the newly fonned ferrous hydroxide reacts with water and oxygen to fonn 
ferric hydroxide (Fe(OHh): 
4Fe(OH)2 + O2 + 2H20 ---+ 4Fe(OH)3 (10) 
Unhydrated ferric oxide (Fe203) has a volume of about twice that of the iron it 
replaces. Once hydrated, ferric oxide is known to have a volume that is typically six 
times that of the iron in which it had replaced [Broomfield, 2007]. The volume 
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Figure 2.3: The relative volumes of various iron oxides 
from Mansfield (1981), Corrosion 37(5), 301-307. 
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As the volume at the steel-concrete interface increases, the tensile stresses formed 
within the concrete increase as wel1. Due to the corrosion forming, cracks and spalling 
will begin to appear along the surface of the structure. In some cases, spalling of the 
concrete may be observed. An alternative to the formation of red rust, known as black 
rust (Fe304), may form on the steel. Black rust is less expansive than red rust, as shown 
in Figure 2.3 and as a result no visual signs of cracking may be seen along the concrete 
surface. 
Starvation of oxygen to the anode and distances of several hundred millimeters 
between the anode and cathode keeps the iron as Fe2+ and wil1 stay in solution. Under 
these circumstances the steel is susceptible to corrosion, but no expansive forces will 
cause cracks and spalling and corrosion may not be detected [Broomfield, 2007]. 
Damaged waterproofing membranes placed along the surface of the concrete may cause a 
lack of oxygen within the concrete. Reinforcing steel embedded in marine structures are 
susceptible to black rust due to the continual saturation environment in which they are 
exposed. 
2.3. CONDITION EVALUATION 
This section addresses three procedures that are commonly used to evaluate the 
corrosion condition of steel embedded in concrete. Also discussed within the section are 
results and/or interpretation of each test and factors that may affect those outcomes. 
2.3.1. Concrete Resistivity. Electrical resistivity is important as a measure of 
the ability of concrete to resist the passage of electrical current. Rate of corrosion on 
embedded reinforcing steel is dependent on the electrical resistivity of concrete. In tum, 
this relates electrical resistivity to the permeability of fluids and diffusion of chloride ions 
through concrete. Hydroxyl ions (OR) promote the corrosion process as long as there is 
an available source. The quicker the ions can flow from the cathode to the anode, the 
quicker the corrosion process may proceed, provided that the cathode is supplied with a 
sufficient amount of oxygen and water. The transport of electricity through concrete 
closely resembles that of ionic current; therefore it is possible to classify the rate of 
corrosion of a bar embedded within concrete by quantifying the electrical resistance of 
the concrete surrounding it [Whiting and Nagi, 2003]. 
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Many factors have affects on concrete's electrical resistivity. In the consideration 
and evaluation of the study conducted on concrete resistivity it is significant to make note 
of two effecting factors: water-to-cement ration and the addition of fly ash. The water-to-
cement ratio is inherently the most important of all parameters in controlling the 
performance of concrete. The microstructure development of the cement paste and the 
ionic concentration of its pore solution are highly dependent on the water-to-cement ratio. 
Monfore (1968) has studied the relationship between the water-to-cement ratio and 
resistivity in cement paste and has found an increase in resistivity of cement paste as the 
water-to-cement ratio decreases. Case in point, a water-to-cement ratio of 0.40 has a 
resistivity of about twice that of paste having a water-to-cement ratio of 0.60. Although 
this evaluation of resistivity was conducted on paste and it should be noted that concrete 
made of the same paste is higher [Whiting and Nagi, 2003]. 
Technology for field concrete resistivity measurements is currently available by 
means of using one of the three following methods: single-electrode method, two-probe 
method, or the four-probe method. Of the three methods, the two-probe is the least 
accurate and at times the most labor intensive [Broomfield, 2007]. The two-probe 
resistivity meter operates by measuring the potential between two electrodes while an 
alternating current is passed from one electrode to the other. Significant limitations arise 
from the errors that may occur through measurements. Aggregate has a higher resistivity 
than the surrounding microstructure; therefore, aggregate near the location of the 
electrode can produce a reading much higher than the actual concrete resistivity. It has 
also been indicated that 90 percent of the resistivity reading represents an area with a 
diameter equivalent to 10 times the contact radius of the electrode tip [Whiting and Nagi, 
2003]. In an attempt to achieve a more accurate reading, the two electrodes may be 
placed within shallow pre-drilled holes [Broomfield, 2007], making the two-probe 
method more labor intensive. 
The single-electrode method is a newer, more advanced method in measuring a 
concrete's resistivity. The single-electrode method is based on using a small metallic 
disc placed on the concrete surface as an electrode and a steel reinforcing bar as a 
counter-electrode. This method specifically measures the resistance of the concrete cover 
by applying the following equation: 
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Resistivity (a cm) = 2RD (12) 
where R is the iR drop between the rebar cage and the surface electrode and D is the 
surface electrode's diameter. This method is susceptible to contact resistance problems 
and is most accurate when the surface electrode is placed between embedded bars as 
opposed to directly over them [Broomfield, 2007]. 
Originally developed in 1916 by Frank Wenner, the four-probe method was 
initially designed for geophysical studies. The method has been adopted for field use and 
today the four-probe method (or Wenner method) is the most widely used and researched 
method for in-situ evaluation of concrete resistivity. The four probe resistivity meter, 
also known as the Wenner probe, contains four equally spaced electrodes that are 
positioned within a straight line. The two outer electrodes send an alternating current 
through the concrete while the inner electrodes measure the drop in potential. The 





where p is the resistivity (Ocm) of the concrete, s is the spacing of the electrodes (cm), V 
is the recorded voltage (V), and I is the applied current (A). 
As the applied current passes through the concrete it travels in a hemispherical 
pattern as shown in Figure 2.4. An immediate advantage of the four-probe method over 
the two-probe method is the concrete area between the inner electrodes that is measured 
for resistivity. This allows for a larger area to be measured and also avoids the influence 
aggregate may have on readings. 
As with any method used to measure concrete resistivity there are factors that 
influence errors in readings recorded. The four-probe method is based on the theory that 
resistivity values obtained from equation (13) are accurate if current and potential fields 
exist in a semi-infinite volume of material [Whiting and Nagi, 2003]. This also implies 
structures with larger dimensions will have more accurate resistivity readings. It has also 
been found that measuring thin concrete or near edges produce significant errors and is 
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Figure 2.4: Schematic representation of the four-probe 
resistivity method [Broomfield, 2007]. 
Another assumption associated with the four-probe Wenner method is the type of 
material tested. The material is assumed to be homogenous, which concrete is not and 
would otherwise be believed to affect the electrical resistivity measurements. The non-
homogenous nature of concrete is defined by a high-resistivity aggregate surrounded by 
low-resistivity cement paste. This effect can be alleviated by increasing the spacing 
between the inner electrodes and research has found that increasing the spacing greater 
than 1.5 times the aggregate maximum size will not exceed a coefficient of variation in 
resistivity measurements of 5 percent [Whiting and Nagi, 2003]. 
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The presence of steel is an important factor influencing the electrical resistivity of 
reinforced concrete. Measurements taken directly over reinforcement show the 
significance reinforcement can have on errors. The reinforcing steel provides a 'short 
circuit' path and may give misleading readings. It is suggested the errors in 
measurements can be minimized if measurements are taken between bars or 
perpendicular to the bar [Broomfield, 2007]. 
In 1987, Langford and Broomfield first published a relationship between the 
corrosion rate for a depassivated steel bar embedded within a concrete of known 
resistivity, as may be seen in Table 2.2. Since then Broomfield further claimed that a 
concrete resistivity of greater than 100 kncm will essentially prevent any steel 
reinforcement from corroding [Broomfield, 2007]. The information gathered by Richard 
Stratful1, during his 1957 field investigation of San Francisco's San Mateo-Hayward 
Bridge, was compared alongside additional information that was collected while 
monitoring the bridge after his initial study. The results showed that areas along the 
structure which reported resistivity values between 50 and 70 kncm possessed 
reinforcement that was corroding at a very low (almost negligible) rate [Sengul and 
Gj !1Irv , 2009]. Today, Table 2.2 has been widely accepted as a quick and approximate 
way to correlate the rate at which a depassivated steel bar corrodes in a concrete of 
known resistivity. 
Table 2.2: Correlation between concrete resistivity and 
the rate of corrosion for a depassivated steel bar 






Rate of Corrosion 
Low 




2.3.2. Corrosion Potential Measurements. As was stated earlier, the corrosion 
process is dependent upon the ability of steel to dissolve into the surrounding concrete 
upon the availability of oxygen and water at the steel-concrete interface. The standard 
reference electrode or half cell is a simple device consisting of a piece of metal in a fixed 
concentration solution of its own ions, such as copper in saturated copper sulfate. When 
this half cell is connected to another metal in solution of its own ions, such as iron in 
Fe(OHh, the measurement is the potential difference between the two 'half cells'. Rebar 
within concrete has anodic (corroding) areas and cathodic (passive) areas. The two cells 
are connected to an embedded steel bar using a high impedance voltmeter, as shown in 
Figure 2.5, which allow the measurement of the corrosion risk when the external 
reference electrode of copper/saturated copper sulfate is moved along the surface of the 
concrete. Establishing this corrosion cell, the ferrous ions may be released into the 
concrete, while the electrons created during the reaction are free to travel to the reference 
electrode (via wiring) where a reduction reaction may occur. 
The voltmeter reads a voltage as electrons travel from the steel to the reference 
electrode. If the section of steel beneath a copper/copper sulfate electrode (CSE) is still 
protected by the passive layer, a voltage reading above -200 mY will be indicated on the 
voltmeter, according to Broomfield [2007]. A reading between -200 mY and -350 mY 
means the passive layer is damaged or has begun to breakdown. A voltage reading below 
-350 mY indicates the steel is usually actively corroding within the concrete [Broomfield, 
2007]. In the 1970' s, field and laboratory studies were conducted and an empirical 
relationship between a bar's potential (mY) and its risk of corrosion was developed. 
Table 2.3 illustrates this correlation. However, care should be taken when interpreting 
results, for the correlation between a bar's true corrosion risk and that of its potential may 
not necessarily agree with the relationship shown in Table 2.3. This may be due to a 
number of factors such as, but not limited to: oxygen concentration, carbonation/concrete 
resistance, and protective steel coatings [Gu and Beaudoin, 1998]. 
Highly negative potential values may reach beyond -350 mY when a steel bar is 
placed within an oxygen deprived environment. A potential this low corresponds to a 90 
percent probability that the steel is corroding. However, due to lack of oxygen, the 
cathodic reaction may not be established and the corrosion process may not proceed. 
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Figure 2.5: Schematic representation of the equipment 
and procedure used when conducting a half-cell. 
potential measurement [Broomfield, 2007]. 
Table 2.3: Correlation between the corrosion potential 
of a steel bar embedded within concrete and 
risk of corrosion [Broomfield, 2007]. 
Potential (CSE) 
> -200 mY 
-200 to -350 mY 
-350 to -500 mY 
< -500 mY 
Corrosion Risk 
Low « 10%) 
Intermediate 
High (> 90%) 
Severe 
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The opposite of the above occurrence may happen when the bars are embedded 
within a carbonated concrete environment. This may cause the reported potential to be 
more positive than its actual value. A more positive potential value may be attributed to 
the dry nature of carbonated concrete as well as the formation of calcium carbonate 
within the concrete's pore structure. These two factors are known to increase a 
concrete's resistance, which in tum increases (more positive) a bar's reported potential as 
may be seen within the following equation: 
V measured = Vactual X 
nvoltmeter (14) 
nvoltmeter + nconcrete 
where V measured is the reported potential of the bar, Vaclual is the actual potential of the bar, 
nvoItmeler is the resistance of the voltmeter, and nconcrele is the resistance of the concrete. 
A more uniform corrosion along the bar tends to occur in dry carbonated concrete. This 
is a resu1t from the anodic (active) and cathodic (non-active) areas along the bar being 
closely spaced. Therefore, the potential of a uniformly corroded bar tends to be more 
positive, due to the averaging of the active and non-active sites along the bar. 
2.3.3. Chloride Content Analysis. As previously mentioned, the passive layer 
protects a steel bar from corrosion and chlorides are the cause of destroying the passive 
layer. However, to destroy this passive layer, a sufficient amount of chlorides are 
required to be present at the steel-concrete interface. Therefore, chloride analyses are 
conducted upon reinforced concrete structures to determine whether a sufficient amount 
of chlorides are present at a depth equal to that of embedded steel and/or how quickly the 
chlorides are diffusing through the concrete. 
Chloride profiles are a common development that aid in the calculation of the rate 
at which chloride ions penetrate through a concrete element. A chloride profile 
represents the chloride concentration at various depths within the concrete. According to 
Broomfield [2007], it is recommended that a minimum of four data points be used in 
developing a chloride profile in order to obtain an accurate representation of the chloride 
distribution. The rate at which the chlorides penetrate through the concrete is determined 
from the mentioned data points and Equation (4) in Section 2.2.2 of this section. The 
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diffusion rate is a time approximation associated as to when a sufficient amount of 
chlorides become present at the steel-concrete surface to induce corrosion. 
Currently, the American Society for Testing and Materials (ASTM) International 
has a published standard procedure for testing the acid-soluble (ASTM CI152-04) and 
water-soluble (ASTM C 1218-08) chloride concentrations within concrete. The acid-
soluble chloride test represents to the concentration of both the bound and free chlorides; 
whereas, the water-soluble chloride test represents the concentration of only the free 
chlorides within the concrete. The free chlorides are those that contribute to the 
destruction of the passive layer. Therefore, ASTM standard C12l8 is considered to be 
more informative than that of ASTM CI152 standard; however, the results obtained from 
the water-soluble test are known to be less accurate and difficult to reproduce. Both 
standards are commonly carried out in the lab and involve subjecting a concrete powder 
sample to an acid which is then followed by titration. Results from the acid-soluble 
(total) test can then be correlated to the values shown in Table 2.4 so that the corrosion 
risk of the embedded bars may be c1assified [Broomfield, 2007]. 
Table 2.4: Correlation between percent 
chloride by mass of concrete and 
corrosion risk [Broomfield, 2007]. 










To conduct the chloride test, concrete powders are typically collected by dril1ing 
or pulverizing cores. Both the ASTM and AASHTO standards require the test sample to 
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be 10 grams in size and capable of passing a No. 20 (850 Ilm) or No. 50 (300 Ilm) sieve, 
respectively. For most standards a required overall sample size of 20 grams is needed. 
When co11ecting a powder sample from a specimen at a fitted depth, multiple drilling 
locations are recommended. To reduce the likelihood of a piece of aggregate influencing 
the results, mixing the powder of several drilled locations will increase the statistical 
accuracy. A sample's fine powder is known to posses high chloride concentrates and 
care should be taken to avoid loss of this powder. Contact between exposed skin and a 
powder sample may contaminate the sample therefore, handling with bare hands shall be 
held to a minimum [Broomfield, 2007]. 
2.4. TESTING METHODS 
Understanding hardened concrete properties is the basis for using concrete in 
construction and design. Many ASTM standards are used in the concrete industry and 
these tests ensure the quality and control of concrete production. Results from these tests 
are used in hopes to establish the validity and/or correlation of the current standards for 
use on high-volume fly ash concrete. Corrosion is a complex and highly unpredictable 
process which is often affected by numerous factors. These factors are often difficult to 
quantify and/or account for, which makes classifying and understanding a material's 
corrosion resistance extremely difficult. Therefore, when trying to characterize a 
material's ability to postpone the corrosion process, it may be beneficial to conduct a 
series of tests in hope that the results may lead to a clear and indisputable conclusion. 
This section describes the various ASTM concrete property tests used to study the 
hardened properties and the AASHTO T259 Resistance of Concrete to Chloride Ion 
Penetration ponding test to evaluate the durability and corrosion protection of high-
volume fly ash concrete. 
2.4.1. Hardened Concrete Property Tests. The behavior of hardened concrete 
is an essential tool when designing with concrete. When concrete mixes are specified in 
design, there is slight variability as the properties the concrete is expected to have are 
supported by previously tested performance of similar concrete mixes. These values used 
in design have been developed through extensive testing. Because of this testing, the 
American Standards of Testing Materials (ASTM) has created standards which enable 
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these tests to be reproduced and performed not only in the laboratory, but in the field as 
well. Using the standard test methods for determining hardened concrete properties 
reassures the predicted and expected performance of concrete. These standard test 
methods were used to evaluate and compare the high-volume fly ash concrete. Also, the 
results from the standard tests are used to determine the applicability of using specific 
hardened concrete prediction functions to predict concrete properties and performance of 
high-volume fly ash concrete. All tests were performed in compliance with the ASTM 
associated with each test. The tests performed are summarized in Table 2.5. 
Table 2.5: ASTM standard test methods used 
or Igl -vo ume IY as concre e eva ua Ion. t h' h I fl h tit' 
ASTM C39 Standard Test Method for Compressive Strength of Cylindrical 
Concrete Specimens 
ASTMC78 Standard Test Method for Flexural Strength of Concrete 
ASTM C469 Standard Test Method for Static Modulus of Elasticity and Poisson's 
Ratio of Concrete in Compression 
ASTM C496 Standard Test Method for Splitting Tensile Strength of Cylindrical 
Concrete Specimens 
ASTM CI57 Standard Test Method for Length Change of Hardened Hydraulic 
Cement Mortar and Concrete 
2.4.2. Shrinkage Analysis. Shrinkage is an inevitable phenomenon that occurs 
within concrete. The amount concrete may shrink depend on the specimen or structure 
size, type of concrete used, and the conditions in which the concrete will be cured. 
Shrinkage is observed at a micro level and mayor may not cause effects to the concrete's 
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change in size. There are three basic types of shrinkage, when considering why 
shrinkage may occur: autogenous shrinkage, which is caused by the absence of moisture 
exchange due to the hydration reactions of the cement; carbonation shrinkage, which 
results as the various cement hydration products are carbonated in the presence of carbon 
monoxide (CO); and drying shrinkage, which is due to moisture loss in the concrete from 
environmental exposure [Rhodes, 1992]. 
ASTM C157-08 "Standard Test Method for Length Change of Hardened 
Hydraulic Cement Mortar and Concrete" [ASTM CI57, 2008], is used to measure free 
shrinkage of concrete. This method uses rectangular concrete prisms with gage studs at 
each end and a mechanical dial gage length comparator is used to measure length change 
over time [Deshpande et aI., 2007]. Shrinkage is a relative measure corresponding to the 
type of specimen used to conduct the test and influenced by many factors, including those 
mentioned above. Increasing or decreasing the water-to-cement ratio influences the 
volume of paste and amount of aggregate in a concrete mix. ACI Committee 232 on use 
of fly ash in concrete reports that where the addition of fly ash increases the paste volume 
in a concrete mix, shrinkage may be increased slightly if the water content remains 
constant. If the water content is reduced, shrinkage should be about the same as concrete 
without fly ash [Deshpande et aI., 2007]. 
A study done by Cabrera and Atis [1999] reported a decrease in drying shrinkage 
with the use of fly ash. This study evaluated 50 and 70 percent fly ash replacements of 
portland cement. To note, although, about this study is that Class F fly ash was used. 
This aside, it is still very similar to the fly ash approach conducted within this research 
study to provide a relevant perspective of the effect high volumes of fly ash in concrete 
have on shrinkage. The specimens were demolded after one day of curing and a lower 
shrinkage was observed for the high-volume fly ash concrete over the conventional 
concrete. The 70 percent exhibited less shrinkage than that of even the 50 percent fly ash 
concrete. However, some studies show little to no difference in shrinkage between 
conventional concrete and concrete containing fly ash. 
2.4.3. Durability Tests. In terms of durability when designing a structure, 
understanding a concrete's resistance toward the ingress of destructive chloride ions is 
highly beneficial. Among the many factors of concrete design, the environment in which 
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the structure will be exposed must be considered when determining the resistance 
concrete may have against chlorides. For testing such durability and chloride penetration, 
both the American Association of State Highway and Transportation Official's 
(AASHTO) and (ASTM) International have established standard concrete durability tests. 
Many tests have been developed to aid in the understanding and prediction of 
potential durability issues that concrete may experience during its lifetime. There are 
tests that analyze chloride penetration and concentration, which is then related to a scale 
estimating the potential risk for corrosion of embedded steel reinforcement. Other tests 
include using electrical resistance and potential difference to predict the resistance 
concrete may have against the onset of corrosion and how much corrosion damage may 
be present. Climate variations are also studied through freezing and thawing cycles to 
illustrate the damaging effects of such environments on concrete. Table 2.6 lists the 
durability tests used and performed to evaluate the particular concrete mixes within this 
research study. 
Table 2.6: Standard tests performed to evaluate the 
d bTt f h" h I fl h ura I I y 0 19l -vo urne yas concrete. 
Durability Test Characteristics 
Chloride Permeability 
Electrical Method ASTM C 1202 
Ponding Method ASTM C 1543 / AASHTO T 259 
Freeze-Thaw Resistance ASTM C 666 (Test Procedure A) 
Corrosion Resistance 
Concrete Resistivity ASTM C 1543/ AASHTO T 259 
Corrosion Potential ASTM C 1543/ AASHTO T 259 
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3. MIX DESIGN 
3.1. INTRODUCTION 
This section describes the process that was carried out to develop a concrete mix 
design using a high volume of cement replacement with fly ash. The objective of this 
process was to maximize the percentage of fly ash in the mix, yet still fulfill the strength 
and workability requirements. A target strength of 5,000 psi at 28 days was selected to 
perform the mix development based on the ACI 211.1, Title (ACI 211.1, 1991) 
document. Class C fly ash donated by Ameren UE was used as replacement of the 
portland cement due to its high level of calcium. This part of the study used mortar and 
paste mixes to arrive at the optimum combinations and percentages of several powder 
additions to maximize the amount of fly ash. The primary criteria to select such 
percentages were the set time and the rate of strength gain. The main goal was to develop 
a mix that could fulfill a minimum strength requirement of 1,000 psi at 1 day in addition 
to the requisite 5,000 psi at 28 days. Attainment of this goal would prove that the use of 
HVFA concrete in construction is viable. Rheological composition of the fly ash, mix 
design development, and compressive strength results are contained in the following 
sections. 
3.2. FLY ASH CHEMICAL COMPOSITION 
Fly ashes are subdivided into two main classes, C and F, which reflect the 
composition of the inorganic fractions. Class F fly ashes are produced from either 
anthracite bituminous or sub-bituminous coals. Class C fly ashes are derived from sub-
bituminous or lignitic coals. In other words, the two classes of fly ash are distinguished 
by the silica oxide and calcium contents of the type of coal burned. Fly ash can be 
cementitious, pozzolanic, or both. Class F fly ash is pozzolanic while Class C fly ash is 
often cementitious and pozzolanic. Cementitious fly ash hardens when wetted while 
pozzolanic fly ash requires a reaction with lime before hardening. Both classes of fly ash 
are used as a cement replacement in concrete. 
The fly ash used in this study was an ASTM Class C fly ash produced in the coal-
fired electrical generating plant of Ameren UE located in Labadie, Missouri. The 
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chemical composition of the fly ash is given below in Table 3.1. Four samples of fly ash 
were tested for chemical composition. The amount of each oxide represents the range of 
the four samples expressed as a percent by weight. Table 3.2 shows the typical ranges of 
the chemical composition of a Class C fly ash. The chemical oxide quantities reported in 
Table 3.1 coincide with those listed in Table 3.2. All requirements are also in accordance 
with ASTM C618, Title (ASTM C618, 2007). 
Table 3.1 I h h . I I . fA . n- ouse c emlca analYSIS 0 meren . UE fly ash. 
Oxide % 
Silicon Oxide (Si02) 30.45 - 36.42 
Aluminum Oxide (AI203) 16.4 - 20.79 
Iron Oxide (Fe203) 6.78 -7.73 
Calcium Oxide (CaO) 24.29 - 26.10 
Magnesium Oxide (MgO) 4.87 - 5.53 
Sulfur (S03) 2.18 - 6.36 
Sodium Oxide (Na20) 1.54 - 1.98 
Potassium Oxide (K20) 0.38 - 0.57 
Titanium Oxide (Ti02) 1.42 - 1.56 
Phosphorus Oxide (P20S) 1.01 - 1.93 
Manganese Oxide (MnO) 0.028 - 0.036 
Strontium Oxide (SrO) 0.40 - 0.44 
Barium Oxide (BaO) 0.68 - 0.99 
LO! 0.24 - 1.15 
3.3. ACTIVATORS 
Although certain fly ashes exhibit some cementitious properties, the main 
contribution to the hardened concrete properties results from the pozzolanic reaction of 
the fly ash with the calcium hydroxide released by the portland cement. The pozzolanic 
reaction typically occurs more slowly than cement hydration reactions and consequently 
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concrete containing fly ash requires more curing during early ages. Previous research has 
shown that fly ash has very little immediate chemical reaction when it is only mixed with 
water. There are enough oxides and aluminates within the portland cement to provide 
sufficient reaction in the process of hydration, whereas, fly ash requires the addition of 
activators to initiate the hydration process. The activators used in the HVF A concrete for 
this study were calcium hydroxide and gypsum, selected based on previous research. 
Appropriate proportions were determined to ensure a proper hydration process. 
Insufficient amounts of activators may generate a delay in reaching adequate early-age 
strengths. Excess amounts of activators may generate a rapid set or false set that may not 
develop the required densification of the microstructure, also affecting the concrete 
strength. 




15 - 45 
10 - 25 
3.3.1. Gypsum. Calcium sulfate dihydrate (gypsum) is added to portland cement 
to limit the vigorous initial reaction of the tricalcium aluminate (C3A) with water, which 
can lead to a flash set. However, fly ash has a slower initial setting time. When fly ash is 
used in large amounts, such as in a HVFA concrete consisting of 70 percent fly ash 
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replacement, additional gypsum may be required to prevent sulfate depletion and promote 
the immediate start of the hydration process. 
The gypsum used in this study was obtained from the company USA Gypsum 
located in Reinholds, PA, where it is produced from recycled gypsum boards. Gypsum 
board, otherwise known as dry wal1, is regularly used as a building interior lining and 
partitioning where structural requirements are low. The panels of dry wal1 are made of 
gypsum plaster pressed between two thick sheets of paper. The gypsum used in this study 
was ground to an ultra-fine consistency with a 96% pure content of calcium sulfate 
(CaS04). Figure 3.1 shows the packaging and gypsum material used in this study. 
Figure 3.1: Gypsum material sample. 
The mixture proportion for gypsum was determined from a previous study carried 
out by Bentz [2010]. Bentz studied a 50:50 ratio of portland cement to fly ash, and found 
that at least 2 percent additional gypsum by mass of total cementitious materials was 
required for a proper hydration. The mix was based on a total cementitious material 
amount of 400 grams (0.882 lb). Having higher fly ash content would likely require 
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more than two percent of gypsum, so it was decided to use a 4 percent replacement of the 
fly ash with gypsum. This amount proved to be effective in testing of paste and mortar 
cubes, the resu1ts of which will be discussed later in this section. 
3.3.2. Calcium Hydroxide. In conventional concrete, the tricalcium silicate 
(C3S) and dicalcium silicate (C2S) react individually with water to produce the principal 
hydration product of calcium silicate hydrate (C-S-H) and calcium hydroxide (CH) in 
varying amounts. This reaction wi11 be repeated over time producing an excess of CH. 
The fly ash wi]] then consume the excess CH and continue to hydrate, forming additional 
C-S-H, and gaining additional strength over time. In a HVFA concrete, additional 
calcium hydroxide is required to ensure a more complete hydration process for the fly 
ash. 
The hydrated lime (calcium hydroxide) used in this study was purchased from the 
Mississippi Lime company located in Sainte Genevieve, MO. A standard hydrated lime 
material of 96% purity was added to the HVFA mixture. Figure 3.2 shows the packaging 
and calcium hydroxide material. 
Figure 3.2: Calcium hydroxide material sample. 
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The same method used for the selection of the amount of gypsum was repeated to 
determine the proportions for calcium hydroxide. Bentz found that at least 5 percent of 
calcium hydroxide by weight of cementitious material was sufficient for early and later 
strength gain in cement pastes containing a 50:50 ratio of portland cement to fly ash. The 
mix was based on a total cementitious material amount of 400 grams (0.882 Ib). Having 
higher fly ash content would likely require more than 5 percent calcium hydroxide, so it 
was decided to use a 10 percent replacement of fly ash with calcium hydroxide. A higher 
amount of calcium hydroxide (15 percent) was also tested and initial results showed an 
increase in the compressive strength compared to the paste containing only 10 percent 
calcium hydroxide. However, results of compressive strength at later ages showed no 
advantageous increase, concluding that a 10 percent replacement with calcium hydroxide 
was sufficient for this particular fly ash. 
3.4. PASTE AND MORTAR CUBES 
3.4.1. General. The purpose of testing paste and mortar cubes was to optimize 
the constituent percentages for a control and experimental HVFA mix using a specimen 
that is smaller and more cost-effective to construct before advancing to larger specimen 
tests. Cubes made from paste (water, cementitious materials, and activators only) were 
used to determine what percentages of fly ash substitution, gypsum, and calcium 
hydroxide were optimal to achieve practical early-age compressive strengths. Mortar 
cubes, including sand supplied by Capital Sand in Jefferson City, were used to determine 
a plausible water to cement ratio that would allow for a sufficient balance between 
workability and compressive strength. 
3.4.2. Paste Cubes Procedure. Each specimen was constructed and tested 
following the guidelines set forth in ASTM C109-08 using 2 in. (50 mm) cube 
specimens. The specimens were moist cured until the day of testing. The paste cubes, 
with a OAO w/cm, were tested at 1, 3, and 7 days in order to determine the early strengths 
of the mix, since early form removal is a concern when using HVFA concrete for 
construction. The OAO w/cm was selected based on previous research and the desired 
objectives of this stage of the research as mentioned previously. Several modifications 
were made to the ASTM C 1 09-08 procedure in order to account for the low paste 
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viscosity and the addition of activators in the mixing phase. These modifications were as 
follows: 
• To ensure that no paste would leak through the joints in the cube molds, the molds 
were caulked with silicon on the outside (Figure 3.3) 
• A 5 gallon (19 L) bucket with lid was modified to accommodate a drill-driven 
paddle by cutting a hole in the lid (Figure 3.4) 
• One half of the required mixing water was added to the bucket 
• Cementitious materials were then added to the bucket (first the fly ash, then the 
cement) while stirring the mixture 
• The activators (CH and gypsum) were mixed with the remaining half of the 
required water in a separate container to form a light slurry 
• The activator slurry was then added to the cementitious mixture and mixed with 
the drill paddle for 5 minutes 
• After mixing, the sides and lid of the bucket were checked for excess and 
unmixed material 
• The mix was then transferred to a pitcher with a pouring spout for ease of 
placement into the cube molds 
• The paste was then poured into the molds in one lift via the pitcher 
• The molds were then vibrated with a rubber mallet for consolidation purposes and 
the excess paste was struck off with a polypropylene straight edge 
• The molds were then placed in a moist cure chamber 
• The cubes were de-molded at I day with the exception of the 100 percent fly ash 
specimens which had not set 
• The demolded cubes were placed back in the moist cure room until the test dates 
Every specImen was tested on a 600,000 lb. (2,670 kN) capacity Forney 
compression machine until failure. The test matrix for this phase of the study is shown 
below in Table 3.3. 
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Figure 3.3: Caulked cube molds. 
Figure 3.4: 5 gallon bucket and mixer set-up. 
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T bl 33 T t t· ~ te b a e . es rna rlx or pas cu es. . . 
% of Cementitious Material 
Specimen Set Cement Fly Ash Gypsum Calcium Hydroxide 
Control 100 0 - -
50/50 50 50 - -
40/60 40 60 - -
27175 25 75 - -
100 % FA 0 100 - -
50/50 - G 50 50 4 -
40/60 - G 40 60 4 -
25175 - G 25 75 4 -
100%FA-G 0 100 4 -
50/50 - G - 10 CH 50 50 4 10 
40/60 - G - 10 CH 40 60 4 10 
2517 5 - G - 10 CH 25 75 4 10 
100 % FA - G - 10 CH 0 100 4 10 
50/50 - G - 15 CH 50 50 4 15 
40/60 - G - 15 CH 40 60 4 15 
25175 - G - 15 CH 25 75 4 15 
100 % FA - G - 15 CH 0 100 4 15 
3.4.3. Mortar Cubes Procedure. The mortar cubes, with wlcm values of 0.30 
and 0.40, were tested at 3, 7, and 28 days (moist cured until test date) to predict the 
effects that the wlcm would have on the mix from the early strengths up until the design 
strength of 28 days. The mortar cube fabrication process more closely followed the 
ASTM C109-08 standard. Due to a more manageable mix viscosity, actual mixing was 
performed using a Hobart mixer. The activators were added, as they were for the paste 
cubes, as part of the second water addition, and the sand-to-cementitious material ratio 
used was 0.33. The sand gradation is shown in Table 3.4. 
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T bl 34 S d d f d tM· ·S&T a e . an gra a Ion pe orme a Issourl . . . 
Sieve Size %" #4 #8 #16 #30 #50 #100 #200 
Total % Passing 100 99 92 79 48 9 1 0.2 
Every specImen was tested on a 600,000 lb. (2,670 kN) capacity Forney 
compression machine until failure. The test matrix for this experiment is shown below in 
Table 3.5. 
Table 3.5: Test matrix for mortar cubes. 
% of Cementitious Material 
Specimen Set w/cm Cement Fly Ash 
Control 100 0 
50/50 
0.40 50 50 
25175 25 75 
100 % FA 0 100 
Control 100 0 
50/50 0.30 50 50 
25175 25 75 
100 % FA 0 100 
3.4.4. Results. The results recorded from the mortar and paste cube tests were 
organized into Tables 3.6 and 3.7. Each value in the tables represents the average of 
three replicate specimens. 
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T bl 36 C th ~ ta b t a e . ompreSSlve S rengl S or mor r co es. . . 
Compressive Strength (psi) 
Specimen Set w/cm Day 3 Day 7 Day 28 
Control 3435 5275 5506 
50/50 2726 4079 5368 
0.40 
25/75 1003 1906 2909 
100% FA 74 313 520 
Control 2905 4695 5105 
50/50 2106 2176 3926 
0.30 
25/75 1434 1824 2384 
100% FA 218 468 881 
(1 psi = 6.89 kPa) 
T bl 37 C th ~ t b t a e . ompresslve S rengl S or pas e co es. . . 
Compressive Strength (psi) 
Specimen Set Day 1 Day 3 Day 7 
Control 1748 3919 5255 
50/50 558 1920 3594 
40/60 439 1571 2136 
27/75 0 740 1266 
100 % FA 0 35 53 
50/50 - G 981 2500 3540 
40/60 - G 793 170] 2469 
25/75 - G 339 1271 1646 
100 % FA - G 0 0 71 
50/50 - G - lOCH 1063 2529 2943 
40/60 - G - 10 CH 953 2243 2708 
25/7 5 - G - 10 CH 554 1219 1314 
100 % FA - G - 10 CH 671 670 748 
50/50 - G - 15 CH 1708 2649 3804 
40/60 - G - 15 CH 890 2390 3701 
25/7 5 - G - 15 CH 980 1075 1551 
100% FA - G - 15 CH 624 616 580 
(l psi = 6.89 kPa) 
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3.4.5. Analysis and Conclusions. The test results from the mortar cubes suggest 
that using a w!cm of 0.30 can increase the specimen strength in some cases, such as with 
the 25175 mix, but the loss of workability outweighs the minimal strength gain. This is 
evident with the 0.30 w!cm control specimens, which yielded lower results due to 
compaction problems caused by the lack of water. Therefore, a wlcm of at least 0.40 was 
selected for further testing. A graphical representation of this tests data is shown in 
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Figure 3.6: Mortar cube compressive strengths on test days (w/cm = 0.30). 
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A number of conclusions can be drawn from the paste cube test data (Figures 3.7 
to 3.10). The data shows that adding 15 percent calcium hydroxide and 4 percent gypsum 
(by weight of cementitious material) results in the highest compressive strengths for the 
HVFA mixes. The two best performing HVFA mixes were the 50 percent and 60 percent 
fly ash mixes with nearly identical 7 day strengths. The 75 percent fly ash mix did not 
perform as well as the 50 percent and 60 percent mixes, but exhibited sufficient strength 
at 7 days. The poorest performing mix was the 100 percent fly ash mix. Since the 
objective of this study was to push the bounds of fly ash substitution in concrete, the 75 
percent fly ash mix was selected for further testing. The 75 percent fly ash mix including 
10 percent calcium hydroxide was used since there was little difference in the results 
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Figure 3.10: Paste cubes with 4 percent gypsum and 15 percent calcium hydroxide. 
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3.5. CONCRETE MIX DESIGN 
The HVF A concrete mix design was developed using the procedure outlined in 
Section 6 of the ACI 211.1-91 document. The procedure for selection of mix proportions 
given in this document is applicable to normal weight concrete. Estimating the required 
batch weights for the concrete involves a sequence of logical, straightforward steps to fit 
the characteristics of the materials into a mixture suitable for a specific appJication. 
Expected 28-day target strength of 5,000 psi (34.5 MPa) was considered. The solution 
approach used during the mix development is summarized below. 
3.5.1. Slump Selection. If slump is not specified, a value appropriate for the 
work can be selected from Table 3.11. These slump ranges shown apply when vibration 
is used to consolidate the concrete. 
Table 3.8: Recommended slum for various t 
Types of construction 
es of construction [ACI 211.1-91]. 
Reinforced foundation, walls, and footin s 
Plain footin s, caissons, and substructure walls 
Beams and reinforced walls 
Buildin columns 
Pavements and slabs 
Mass concrete 









The slump may be increased when chemical admixtures are used, provided that 
the admixture-treated concrete has the same or lower water-to-cement or water-to-
cementitious materials ratio and does not exhibit segregation potential or excessive 
bleeding. For this research, a slump of 4 in. (102 mm) was selected. 
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3.5.2. Maximum Aggregate Size Selection. The maximum aggregate size was 
.determined based on the gradation of the materials available locally. A gradation of the 
coarse aggregate is shown in Table 3.9. Generally, the nominal maximum aggregate size 
should be the largest that is economically available and consistent with the dimensions of 
the structure. Large nominal maximum sizes of we]] graded aggregates have fewer voids 
than smaller sizes. For this research, a coarse aggregate having a nominal maximum size 
of % in. (19 mm) was considered. 
T bl 39 C t d f d tM' . S&T a e . oarse agl 7rega e gra a IOn per orme a Issourl . . . 
Sieve Size I" 3,4" %" Ys" #4 #8 #30 #100 #200 
Total % Passing 100 89 59 47 16 7 4 4 3 
3.5.3. Mixing Water and Air Content Estimation. The quantity of water per 
unit volume of concrete required to produce a given slump is dependent on: the nominal 
maximum size, particle shape, and gradation of the aggregates; the concrete temperature; 
the amount of entrained air; and the use of chemical admixtures. Slump is not 
significantly affected by the quantity of cement or cementitious materials within normal 
levels. The selection of the required mixing water was made based on Table 3.10. 
Slump values of more than 7 in. (178 mm) are only obtained through the use of 
water-reducing chemical admixtures. For this research, a value of 340 Ib/yd3 (1978 N/m3) 
of water was obtained from this table. This value was defined as the optimum value for 
this mix design. However, for concrete ordered from the local ready mix supplier, 
approximately 8 gallons per yd3 (40 Llm3) of water was held in abeyance for subsequent 
slump adjustment at the lab prior to placement. Water was then added at the lab until the 
desired slump was reached, but never exceeding the amount of water held back initially. 
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This approach also helped to adjust the overall mixing water content based on the actual 
water content of the aggregate for each particular placement. 
Table 3.10: Approximate mixing water and air content requirements for different 
slumps and nominal maximum sizes of i:I~~n:~,ut::s (ACI 211.1-91). 
Water (lblytf) of concrete for iwlirntod nrnninnl maximum sizes of a; ~};, ,,};ute 
Slump (in.) Ys in. ~in. -%in. J in. Jllz 2 in. 3 in. 6 in in. 
Non-air-entrained concrete 
1 to 2 350 ;~~ - 300 275 260 220 190 3 to 4 385 325 300 285 245 210 
6 to 7 410 385 360 340 315 300 270 -
More than 7 - - - - - - -
Approximate amount of 
entrapped air in non-air- 3.0 2.5 2.0 1.5 1.0 0.5 0.3 0.2 
entrained concrete (%) 
Air-entrained concrete 
1 to 2 305 295 280 270 250 240 205 180 
3 to 4 340 325 305 295 275 265 225 200 
6 to 7 365 345 325 310 290 280 260 
More than 7 - - - - -
Recommended averages total air content, pcn;cnt for level of exposure 
Mild exposure 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 
Moderate exposure 6.0 5.5 5.0 4.5 4.5 4.0 3.5 3.0 
Severe exposure 7.5 7.0 6.0 6.0 5.5 5.0 4.5 4.0 
( 1 in = 25.4 mm ) 
3.5.4. Water-to-Cementitious Materials Ratio Selection. The w!cm is 
determined not only by strength requirements, but also by factors such as durability. In 
the absence of data to develop a relationship between strength and this ratio for the 
materials to be used, a set of approximate and relatively conservative values for concrete 
containing Type I portland cement can be taken from Table 3.11. 
Table 3.11: Relationship between water-to-cement or water-to-cementitious 
materials ratio and com ressive stren th of the concrete (ACI 211.1-91). 
Compressive strength 




















These values are estimated average strengths for concrete containing no more 
than 2 percent air for non-air-entrained concrete and 6 percent total air content for air-
entrained concrete. Strength is based on 6 x 12 in. (152 mm x 305 mm) cylinders moist-
cured for 28 days. The relationship in Table 3.14 assumes a nominal maximum aggregate 
size of about % (19 mm) to 1 inch (25 mm). For this research, two water-to-cement ratios 
were used. A water-to-cement ratio (w/c) of 0.45 was selected for the conventional mix, 
and a water-to-cementitious materials ratio (w/cm) of 0.40 was selected for the HVFA 
mIX. 
This difference in these ratios is due to reports of previous research showing that 
when fly ash is incorporated into the mix, the water demand is lower for the same level of 
workabi I i ty. 
3.5.5. Cement Content Calculation. The amount of cement per unit 
volume of concrete is fixed by the determinations made in Section 3.5.3 and 3.5.4 above. 
The required cement is equal to the estimated mixing-water content divided by the water-
to-cement ratio. Equation 3-1 shows how to calculate the amount of cement. 
Amount of cement = 340 = 850 lbj d 3 0.40 Y (3-1) 
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3.5.6. Coarse Aggregate Content Estimation. Aggregates of essentially the 
same nominal maximum size and gradation wi11 produce concrete of satisfactory 
workability when a given volume of coarse aggregate is used per unit volume of 
concrete. Appropriate values for this aggregate volume are given in Table 3.12. The 
volume of coarse aggregate in a unit volume of concrete is dependent only on its nominal 
maximum size and the fineness modulus of the fine aggregate. The fineness modulus of 
the fine aggregate available from the local supplier was 2.60. 
Volumes are based on aggregates in oven-dry-rodded conditions. These volumes 
are selected from empirical relationships to produce concrete with a degree of workability 
suitable for usual construction. 
Table 3.12: Volume of coarse aggregate per unit of volume of concrete 
CI211 
Volume of oven-dry-rodded 
Nominal coarse aggregate per unit 
maximum size of volume of concrete for 
aggregate (in.) different fineness moduli of 
2.40 3.00 
% 0.46 0.44 
Y2 0.55 0.53 
% 0.62 0.60 
1 0.71 0.69 0.67 0.65 
lY2 0.75 0.73 0.71 0.69 
2 0.78 0.76 0.74 0.72 
3 0.82 0.80 0.78 0.76 
6 0.87 0.85 0.83 0.81 
(1 in = 25.4 mm) 
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For this research, the avai1ab1e coarse aggregate had a unit weight of 101.5 Ib/ft3 
(591 N/m\ The amount of coarse aggregate is calculated from the value obtained in 
Table 3.15 multiplied by 27 and the unit weight. Equation 3-2 shows how to calculate the 
amount of coarse aggregate. 
Amount of coarse aggregate = 0.64>< 27 >< 101.5 = 1754 lb /yd 3 (3-2) 
3.5.7. Fine Aggregate Content Estimation. After the completion of the 
previous step, all ingredients of the concrete have been estimated except for the fine 
aggregate. Either of two procedures may be employed to estimate the fine aggregate 
content, the weight method or the absolute volume method. For this research, the weight 
method was used. 
The required weight of the fine aggregate is simply the difference between the 
weight of fresh concrete calculated using Table 3.13 and the total weight of the other 








2 4120 3950 
3 4200 4040 
6 
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Amount of fine aBure.9ate = 3960 - (340 + 850 + 1754) = 1016 lb lyd3 (3-3) 
3.5.8. Aggregate Moisture Adjustments. The aggregate quantities to be 
weighed out for the concrete must allow for moisture in the aggregates. Generally, the 
aggregates will be moist and their dry weights should be increased by the percentage of 
water they contain, both absorbed and surface. The mixing water added to the batch must 
be reduced by an amount equal to the free moisture contributed by the aggregate. 
During the casting of the beams, periodic measurements of moisture content and 
percentage of absorption were carried out on the coarse and fine aggregates to maintain 
the same conditions for all castings. The moisture content was measured following the 
standard described in ASTM C566, Title (ASTM C 566, 1997). The percentage of 
absorption was measured following the standards described in ASTM C127, Title 
(ASTM C127, 2007) for the coarse aggregate and ASTM C128, Title (ASTM Cl28, 
2007) for the fine aggregate. Equations 3-4 to 3-6 show how to adjust the amount of 
water due to moisture contents. As an example, data measured in the first and second 
castings of the control specimens will be used, the moisture contents for the coarse 
aggregate and fine aggregate measured 2.3 percent and 1.7 percent, respectively. The 
percentages of absorption were found to be 0.5% and 0.9% for the coarse and fine 
aggregate, respectively. Absorbed water does not become part of the mixing water, 
therefore, it is excluded from the adjustment in the water as shown below. 
Adjustment of water for coarse aBure.9ate = 1754 X 0.023 = 40.34 1b IYd 3 (3-4) 
Adjustment of water for fine agareaate = 1016 X 0.017 = 17.27 1b I yd3 (3-5) 
Amount of water (adjusted) = 340 - (40.34 + 17.27) = 282.40 lb iyd l (3-6) 
3.5.9. Fly Ash, Calcium Hydroxide, and Gypsum Amount Estimations. This 
step does not apply to the control specimens that were cast using a conventional mix. The 
purpose of this research was to evaluate the effectiveness of a concrete containing a high 
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amount of fly ash. After some batching and testing of different mixes using cubes and 
cy1inders, a 70 percent replacement of portland cement with fly ash was selected as the 
target. Additional powder activators to improve the early strength were also considered in 
the mix design. Calcium hydroxide and gypsum were selected for their favorable 
contribution to the development of early strength in a high-volume fly ash concrete mix. 
A 10 percent replacement with calcium hydroxide and a 4 percent replacement with 
gypsum were incorporated to the mix design. The amount of these activators was based 
on the amount of fly ash, but it was deducted from the total amount of the cementitious 
materials to maintain the ratio between the fly ash and portland cement (70/30). 
Equations 3-7 to 3-11 show how to calculate the weight of these admixtures. From 
equation 3-1, a total amount of cement equal to 850 Ib/ft3 (13616 kg/m3) was determined 
for the base (control) mix design. 
Amount of fly ash (not final) = 850>< 0.70 = 59S lb /yd 3 (3-7) 
Amount of calcium hydroxide = 595 X 0.10 = 59.50 lb lyd 3 (3-8) 
Amount of gypsum = 595 X 0.04 = 23.80Ib/yd3 (3-9) 
Amount of {lyash (final) = (850 - (59.50+ 23.80) x 0.70 = 536.70 Iblyd3 (3-10) 
Amount of cement = (850 - (59.50 + 23.80)) X 0.30 = 230 lb/yd3 (3-11 ) 
3.5.10. Mix Designs Summary. Tables 3.14 and 3.15 present a summary of the 
final amount of each ingredient for the mixes used in this research. Table 3.14 presents 
the final design of a conventional mix used in the control specimens with a wlcm equal to 
0.45. Table 3.15 presents the final design of the HVFA concrete mix used in this research 
with a wlcm equal to 0.40. The values contained in these tables are given in saturated 
surface dry (SSD) conditions. 
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T hI 314 C I . d a e . onventIona mIx escriptIon. . . 
InKredient Amount (lb7jr) 
Water 340 
Portland cement 756 
Coarse aggregate 1750 
Fine aggregate 1110 
w/c 0.45 
,-1 j (1 lb/ft = 16 kglm ) 
T hI 3 15 HVF A . d . f a e . nux escrl»llon. . . 
Ingredient Amount (lblrr) 
Water 340 
Portland cement 230 
Cementitious Fly ash 537 
materials Calcium hydroxide 59.5 
Gypsum 23.8 
Coarse aggregate 1750 
Fine aggregate 1110 
w/cm 0040 
.3 _3 (1 lblft = 16 kg/m ) 
3.6. CYLINDER COMPRESSION TESTING 
3.6.1. General. Cylinder compression tests were used to test the strengths of the 
mixes utilizing the proportions from the compression cube tests in conjunction with the 
other concrete constituents, such as coarse and fine aggregate. A mix with a fly ash 
replacement value of 70 percent was selected for testing based on the success of the 75 
percent fly ash paste cube specimens. This design allows the mix to have a fly ash 
percentage closer to that of the top performing HVF A paste cube specimens as well as a 
fly ash content twice the ACI recommended maximum of 35 percent (ACI Committee 
232, 2003). Four other sets of cylinders were constructed using fly ash replacement 
contents of 0, 50, 60, and 75 percent for comparison purposes. 
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3.6.2. Procedure. Each cylinder specimen was constructed in accordance with 
ASTM C 192, Title (ASTM C 192, 2007). Mixing was performed in a 6 cubic foot (0.17 
cubic meter) drum mixer (Figure 3.11). The fly ash was added with the cement at the 
ASTM designated time for addition of cementitious material and the activators were 
added using the second specified water addition as a vehicle. The concrete was then 
mixed for 5 minutes, poured, and cured as per ASTM C192 (2007). The specimens were 
moist cured for 1, 3, 7, or 28 days, depending on the designated test day for each 
specimen, before they were tested until failure using a 600,000 lb. (2,670 kN) capacity 
Forney compression machine in accordance with ASTM C39-09. The test matrix for the 
cylinder tests is shown in Table 3.19. 
Figure 3.11: Large drum mixer. 
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a e . . est matrix or cy III er compressIOn tests. . T bl 316 T . ~ r d 
Cementitious Materials (%) 
Specimen Set * wlcm Fly Ash Cement Gypsum CH 
Control 0040 0 100 4 10 
HVFA (50%) 0040 50 50 4 10 
HVFA (60%) 0040 60 40 4 10 
HVFA (70%) 0040 70 30 4 10 
HVFA (75%) 0040 75 25 4 10 
3.6.3. Results. The results from the cylinder compressive strength tests are 
shown in Table 3.17. As with the compression cube tests, each specimen set consists of 
the average of three replicate specimens. 
a e . . est resu ts rom cyJ III er compressIOn tests. . T bl 317 T I f r d 
Compressive Strength (psi) 
Specimen Set * wlc Day] Day 3 
Control 0040 3090 4540 
HVFA (50%) 0040 1190 2460 
HVFA (60%) 0040 1240 2670 
HVFA (70%) 0040 1120 1850 
HVFA (75%) 0040 660 1230 
*Each set is comprised of the average of three specimens 














3.6.4. Analysis and Conclusions. The test results, as shown in Figure 3.12, 
suggest that the highest strength HVFA concrete mixes are the 50 and 60 percent fly ash 
proportions with nearly identical results. The 70 percent fly ash mix, however, yielded a 
reasonable I-day compressive strength of over 1100 psi (metric), a 3-day compressive 
strength of nearly 2000 psi (13.8 MPa), and 28-day strength of nearly 4500 psi (31 MPa). 
Since these values are acceptable when designing concrete for normal construction, the 
final HVFA concrete mix chosen for this study was the 70 percent fly ash mix with 4 




















(I psi = 6.89 kPa) 
20 24 28 
-a-HVFA (60%) 
Figure 3.12: Compressive strength vs. test day plot for all cylinder mixes. 
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3.7. FINAL MIX DESIGN AND MIXING DETAILS 
Concrete for this study was provided by a ready mix plant, Rolla Ready Mix, in 
order to emulate field construction practices. The mix design provided to Rol1a Ready 
Mix was decided upon based on the results described in Sections 3.4 and 3.6, only 
batched at a higher quantity, but using the same constituent proportions. The control mix 
was a 100 percent portland cement mix that was completely batched at the ready mix 
plant. The high-volume fly ash concrete mix featured a 70 percent replacement of 
cement with fly ash. The quantities used for each pour are shown in Tables 3.13 and 3.14 
with only a difference in the amount of water that was adjusted based on the moisture 
content and percentage of absorption measured in both fine and coarse aggregates. While 
the fly ash was added at the ready mix plant, the required amounts of gypsum and 
calcium hydroxide, as per Section 3.4, were added directly to the truck upon arrival to the 
lab. Once mixed thoroughly for a minimum of 5 minutes at high speed, the concrete 
placement commenced. During each placement, a slump tests was performed to ensure 
the workability of the concrete. A 6-inch (152 mm) slump was the typical target value. 
Unit weight was also performed on the concrete as part of fresh concrete property testing. 
A summary of fresh property values are shown in Table 3.18. Also, as a part of the 
concrete placement, cylinders were cast in order to test the compressive strength at 28 
days and on the day of testing of the full-scale specimens. Figure 3.13 presents a 
summary of images showing the construction process followed during each casting. 
a e . es resu rom cyJ ID er compresSIOn es . . . T hI 318 T t Its f r d t ts 
Measurement Value 
Fresh Concrete Property Test 
Ay Ash (w/cm = 0.40) Control (w/cm = 0.45) 
Slump 6.5 in. 6 in. 
Air Content 2.5 % 2% 
Unit Weight 1381b/fe 141 lb/ft j 
.-' 3, (1 In. = 25.4 mm, 1 Ib/ft = 16 kg/m ) 
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(a) Adding gypsum. (b) Adding calcium hydroxide. 
(c) Concrete placement. 
Figure 3.13: HVF A concrete procedures. 
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4. HARDENED CONCRETE PROPERTY TESTS 
4.1. INTRODUCTION 
This section discusses the testing and evaluation of the hardened concrete 
properties of several high-volume fly ash (HVFA) concrete mix designs. An testing was 
performed in accordance with the applicable ASTM standards. A concrete mix of 100 
percent portland cement was used as a baseline reference and to aid in the correlation of 
current test data. The tests conducted included: compressive strength, flexural strength, 
splitting tensile strength, modulus of elasticity, and shrinkage. Specimens were 
constructed and tested within the parameters of the standards associated with each of the 
tests conducted. 
4.2. MIX DESIGNS EVALUATED 
Table 4.1 contains the material weights for each of the mix designs evaluated 
within this section. 
4.3. COMPRESSIVE STRENGTH TEST 
Using ASTM C39-09 "Standard Test Method for Compressive Strength of 
Cylindrical Concrete Specimens" [ASTM C39, 2009], as a guideline, concrete cylinders 
were cast to evaluate the compressive strengths for each of the concrete mix designs. 
Mix No. 1 was used as a baseline reference for comparison with Mix Nos. 2 through 5, 
which consisted of 70 percent fly ash at varying water-to-cementitious ratios (w/cm). The 
test consisted of subjecting the concrete cylinders to a uniform compressive load at the 
ends of the cylinders as designated by the ASTM standard. 
4.3.1. Preparation and Testing. Each specimen was 4 in. (102 mm) in diameter 
and 8 in. (204 mm) in length. There were 15 cylinders constructed for each mix design in 
order to obtain compressive strength data at ], 3, 7, 28, and 56 days. All specimens were 
cast in plastic cylinder molds with caps and moist cured for 7 days, except for those 
tested at 1 day and 3 days. The specimens were then stripped from the plastic molds, 
marked and stored in the moist cure chamber until their intended test date. Prior to 
testing, each cylinder was capped in accordance with ASTM C617 -09 "Standard Practice 
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for Capping Cylindrical Concrete Specimens" [ASTM C617, 2009]. The 1,3, 7, 28, and 
56-day strengths were determined through testing three replicate cylinders. The various 
concrete mixes were chosen to explore the different strengths that can be gained by 
decreasing the water-to-cementitious ratio (wlcm). The wlcm for each mix can be 
referenced previously in this section in Section 4.2. A typical specimen being tested for 
compressive strength is shown in Figure 4.1. 
T bl 4 1 M t . I . h f h . d . a e . : a erla weigl ts 0 eac mix eSlgn. 
Materials (lb/ycf) Mix Design 
No.1 No.2 No.3 No.4 No.5 
Water 345 345 345 345 345 
Cement 850 196 222 256 301 
Fly Ash - 457 519 598 703 
Calcium 53 60 68 79 Hydroxide -
Gypsum - 49 49 49 49 
Coarse Aggregate 1754 1754 1754 1754 1754 
Fine Aggregate 1016 1016 1016 1016 1016 
w/c 0.45 0.45 0.40 0.35 0.30 
• J_ .j . (1Ib/ft - 16 kg/m ) 
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Figure 4.1: Compressive strength performed on concrete specimen. 
4.3.2. Results. The plotted compressive strengths for each mix design are 
shown in Figure 4.2. Each data point in the figure represents an average value of three 
tested cylinders. Mix No. 2 revealed the lowest strength gain over the testing period. 
This result is attributed to the higher w/cm for this mix, 0.45. The data for Mix No.3 
shows increased strength from that of Mix No.2, which is to be expected due to the 
nature of the decreased w/cm from 0.45 to 0.40. Mix No.4 shows a similar increase in 
compressive strength with the change in w/cm from 0.40 to 0.35. However, Mix No.5 
revealed a smaller strength increase with the change in w/cm from 0.35 to 0.30. This 
behavior may be the result of a combination of a very low w/cm combined with the high 
volume of fly ash, resulting in a plateau in potential strength gain with decreased water 
content. It is also recognized that concrete containing fly ash will have a longer 
hydration period than that of a pure portland cement concrete, with a corresponding 
slower strength gain with age. Therefore, in the range from 7 to 56 days, the high-
volume fly ash concrete shows a greater increase in compressive strength than the 
portland cement concrete. Conversely, at early age strengths, the high-volume fly ash 
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concrete shows significantly lower compressive strength values. As a result, Mix Nos. 2 
and 3 attained lower strengths than the control mix, while Mix No. 4 (wlcm of 0.35) 
attained a 56-day strength approximately equal to the control mix, and Mix No.5 (wlcm 
of 0.30) attained a 28-day strength approximately equal to the control mix with a 56-day 















0 4 8 12 16 20 24 28 
Days 
~Mix No. I - Control _ Mix No.2 -70% FA (w/cm=OA5) 
-'-Mix NO.3 - 70% FA (w/cm=OAO) ~Mix No.4 - 70% FA (w/cm=0.35) 
~Mix No.5 -70% FA (w/cm=0.30) 
(1 psi = 6.89 kPa) 
Figure 4.2: The trend in the average compressive strength for each mix design. 
4.3.3. Conclusions. Obtaining comparable compressive strengths at 28 days 
with HVFA concrete versus conventional concrete was a goal in this study. Figure 4.2 
illustrates that when the wlcm is decreased to 0.30, HVFA concrete does exhibit identical 
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28-day compressive strength values. Also, at a wlcm of 0.30 in a HVFA concrete, the 
compressive strength exceeded that of the conventional concrete at 56 days. If the wlcm 
were increased slightly to 0.35, the HVFA concrete still exhibits a comparable 
compressive strength to that of conventional concrete at 56 days. 
Early strength gain is important in construction, particularly for form removal. 
Figure 4.2 also shows that HVFA concrete having a w/cm consistent to a typical w/cm 
used in conventional concrete produces lower strengths not always suitable for normal 
construction practices. However, decreasing the HVFA concrete wlcm increases even 
early strength gain. HVFA concrete at 0.45 and 0.40 wlcm results in I day compressive 
strengths of less than 1,000 psi (6.9 MPa). Mix Design No. 1 reported a I-day 
compressive strength of 2,570 psi (17.7 MPa). Although decreasing the wlcm to 0.35 and 
0.30 does improve the 1 day compressive strengths, Mix Nos. 4 and 5 resulted in 
compressive strengths nearly 1,000 psi (6.9 MPa) less than that of Mix No.1, but these 
strengths are likely sufficient for normal concrete construction practices. 
When considering the differences in each mix design, the wlcm is the major 
factor. Each mix design was produced to investigate the effect decreasing the wlcm 
would have on the compressive strength. The behavior of the compressive strengths for 
the mix designs analyzed coincides with results for traditional mix designs with 
decreasing wlcm. Even with a mix consisting of 70 percent fly ash and 30 percent 
portland cement, it is still shown that decreasing the wlcm increases the compressive 
strength at all ages. Low early strength development is expected in HVFA concrete and 
the data concludes this very well. Lowering the wlcm in conventional concrete will also 
produce increased compressive strengths, but workability becomes difficult without 
admixtures. The advantage to using HVF A concrete is that the water-to-cement ratio can 
be reduced to produce compressive strengths comparable to conventional concrete while 
maintaining workability. 
4.4. FLEXURAL STRENGTH TEST 
The ASTM C78-09 "Standard Test Method for Flexural Strength of Concrete 
(Using Simple Beam with Third-Point Loading)" [ASTM C78, 2009], was used as a 
guideline to evaluate the flexural strength of simply-supported concrete beams, also 
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referred to as the modulus of rupture (MOR). The concrete mix design evaluated was 
Mix No.3 (70% fly ash and DAD w/cm). The test consisted of subjecting the concrete 
simple beams to a third-point loading as designated by the ASTM standard. 
4.4.1. Preparation and Testing. Each specimen measured 6 in. x 6 in. x 24 in. 
(153 mm x 153 mm x 612 mm). Three rectangular beams were constructed from Mix 
No.3. All specimens were cast in steel beam mo1ds covered with plastic and moist cured 
for 7 days. This cast was performed on October 8, 2010 and was batched at a local 
ready-mix plant, then delivered to the lab where it was placed indoors. The specimens 
were then removed from the steel molds and moist cured for 7 days. Testing was 
performed at 28 days and the test set up is shown in Figure 4.3. 
(a) (b) 
Figure 4.3: Testing specimens in flexural strength. (a) Flexural strength testing set 
up. (b) Failure of flexural specimen. 
4.4.2. Results. The following results are from testing Mix No.3. As stated in 
Section 3, this particular mix design was chosen to evaluate large scale testing. Other 
tests were also performed on this mix design as mentioned throughout this section. This 
mix design contains 70 percent fly ash by volume of cementitious material and has a 
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w!cm of 0.40. Chemical activators included 10 percent calcium hydroxide and 4 percent 
gypsum by weight of cementitious material. 
The average compressive strength for Mix No.3 was 4,180 psi (30 MPa) at 28 
days. The tested flexural stress value was determined by the average of three test 
specimens and measured 445 psi (3.0 MPa) with a coefficient of variation (COV) of 12.5 
percent. All specimens failed within the middle third region as shown in Figure 4.4. 
p 
Figure 4.4: Flexural beam with failure shown at the middle third region. 
4.4.3. Conclusions. The flexural strength test was performed to assist in 
determining the tensile strength for Mix No.3, the production mix for the full scale 
specimen testing. Due to the failures occurring within the middle one-third region of the 
beams, the MOR can be expressed by PUbd2• This equation is based on the elastic beam 
theory which implies the tensile stress is proportional to the distance from the neutral 
axis. However, this is merely an estimate since the stresses induced under load generate 
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a parabolic relationship. Thus, the MOR overestimates the tensile strength and it is 
suggested that the correct value of tensile strength is about % of the theoretical modulus 
of rupture. Even for a conventional concrete, inconsistencies occur in determining the 
modulus of rupture. 
The variability of the MOR test is significant and strongly affected by the 
moisture conditions of the specimen. Additional possibilities as to the reasons why the 
MOR test gives a higher value of strength than a direct tension test include: accidental 
eccentricity in a direct tensile test, which lowers the apparent strength of the concrete: the 
loading arrangement in a direct tensile test where the entire volume of the specimen is 
subjected to the maximum stress, increasing the potential for a weak element, and crack 
propagation blocked by less-stressed material closer to the neutral axis for the MOR test. 
ACI 318 Building Code [2008] uses the expression 7 .5-vj' c, where f c equals the 
average 28-day compressive strength, as the calculated MOR for building design. This 
expression is used for mix designs generally consisting of between 70 and 100 percent 
portland cement. Since Mix No.3 is comprised of 70 percent fly ash, the applicability of 
using this equation in calculating the tensile strength for mixes with this magnitude of fly 
ash was evaluated. In using this particular approach, though, there is still some 
variability in calculating the MOR, even for 100 percent portland cement concrete mixes, 
with the actual coefficient ranging anywhere from 6 to 12. This equation showed that 
with the tested average stress value of 445 psi (3.0 MPa), the coefficient calculates to be 
7.89. This value is well within the given range used for portland cement concrete mixes. 
4.5. SPLITTING TENSILE STRENGTH TEST 
Using ASTM C496-04 "Standard Test Method for Splitting Tensile Strength of 
Cylindrical Concrete Specimens" [ASTM C496, 2004], as a guideline, concrete cylinders 
were constructed to evaluate the tensile stress for each of the concrete mix designs. Mix 
No.1 was used as a comparison for Mix Nos. 2 and 3 and also provided a baseline when 
analyzing prediction of tensile strength. The test consisted of subjecting the concrete 
cylinders to a uniform compressive load along the longitudinal axis as designated by the 
ASTM standard. 
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4.5.1. Preparation and Testing. Each specimen was 6 in. (153 mm) in diameter 
and 12 in. (306 mm) in length. There were 3 cylinders constructed for each mix design. 
A11 specimens were cast in plastic cylinder molds, covered with plastic and moist cured 
for 7 days. The specimens were then stripped from the plastic molds, marked and stored 
until their intended test date. The specimens were tested at 28 days with an axial load of 
283 lb/ft (128 kg/m) and the test set up is shown in Figure 4.5. 
Figure 4.5: Specimen in the splitting tensile test set up. 
4.5.2. Results. The average splitting tensile strength was determined for each 
concrete mix from the equation stated in ASTM C496. The average compressive strength 
and average maximum load were the values used in the above mentioned equation. The 
average splitting tensile strength for Mix No.1, the control, was 477 psi (3.3 MPa) with a 
COY of 24 percent. Mix No.2 was found to have an average splitting tensile strength of 
356 psi (2.5 MPa) with a COY of 10 percent. Lastly, the average splitting tensile 
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strength of Mix No.3 was 443 psi (3.0 MPa) with a COY of 23 percent. The above 
results were evaluated for direct comparison by removing the compressive strength 
variable contained within calculating tensi1e strength. The reported splitting tensile 
strengths were divided by the square root of fe, where f c was the compressive strength 
associated with each concrete mix. As shown in Figure 4.6, the results from each 
concrete mix are comparable to each other. Mix Nos. 2 and 3 exhibit near1y the exact 
same va1ue; whereas Mix No.1 was slightly 10wer. Individual test data may be found in 
Appendix A. 
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Figure 4.6: Tensile strength coefficient for each concrete mix design. 
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4.5.3. Conclusions. Significant variability of results from tensile testing is 
commonly recognized. Also, it is recognized that the MOR test rather overestimates the 
tensile strength of concrete, while the splitting tensile strength test determines tensile 
strengths closer to the direct tensile strength of concrete, only being 5 to 12 percent 
higher [Neville, 1997]. Mix No. 1 reported a tensile strength of 6.36"" f' c and Mix Nos. 2 
and 3 reported tensile strengths of 6.83 and 6.86""f c, respectively. The results conclude 
that the splitting tensile strength test produced similar tensile properties among the HVFA 
concretes, excluding the compressive strength variation. Also concluded was that the 
splitting tensile strength test generated values of nearly the same tensile properties for 
HVFA concrete as wen as conventional concrete. According to these results, the splitting 
tensile strength test may be used to define tensile strength for HVFA concrete. 
4.6. MODULUS OF ELASTICITY TEST 
Concrete cylinders were constructed to evaluate the modulus of elasticity of Mix 
No. I, Mix No.2, and Mix No.3. The ASTM C469-02 "Standard Test Method for Static 
Modulus of Elasticity and Poisson's Ratio of Concrete in Compression" [ASTM C469, 
2002], was used as a guideline to perform the necessary procedures. Mix No. 1 was 
comprised of 100 percent portland cement and was used in conjunction with the other 
two mixes in evaluating the validity of using the secant modulus of elasticity equation for 
high-volume fly ash concrete mixes. The test consisted of subjecting the concrete 
cylinders to a uniform axial compressive load as designated by the ASTM standard. 
4.6.1. Preparation and Testing. Each specimen was 6 in. (153 mm) in diameter 
and 12 in. (306 mm) in length. There were three cylinders constructed for each mix 
design. All specimens were cast in plastic cylinder molds, covered with plastic and moist 
cured for 7 days. Each mix was batched and cast within the lab. The specimens were 
then stripped from the plastic molds, marked and stored until their intended test date. 
The modulus of elasticity testing was performed at 28 days. Prior to testing, each 
cylinder was capped in accordance with ASTM C617-09 "Standard Practice for Capping 
Cylindrical Concrete Specimens" [ASTM C617, 2009]. A specimen in the test set up is 
shown below in Figure 4.7. 
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Figure 4.7: Modulus of elasticity test set up. 
4.6.2. Results. The average tested modulus of elasticity for each concrete mix as 
performed by the ASTM C496 standard is listed below in Table 4.2, along with the 
average compressive strength from testing three replicate specimens. The calculated 
modulus of elasticity value and the compressive strength used in the equation 57,000"fc 
is also shown in Table 4.1. The values calculated through testing are noticeably higher 
than the values ca1culated using the equation specified by ACI 318-08 [2008]. 
4.6.3. Conclusions. Like compressive strength, the modulus of elasticity is 
significantly affected by the modulus of the aggregate used in the concrete. Therefore, 
the modulus of elasticity is sensitive and measured values can be higher or lower than the 
specified calculated modulus of elasticity in accordance with ACI 318 [2008]. The 
percent increase typically ranges from 80 to 120 percent of the specified calculated value 
according to ACI 318-08 [2008]. Taking this into consideration, the average tested 
modulus of elasticity for Mix No.2 falls within this range at 115 percent of the specified 
calculated modulus of elasticity. Mix No. 3 is slightly outside of this range at 130 
percent. As for Mix No.1, it lies significantly outside of this typical range at 150 percent 
of the specified ca1culated modulus of elasticity. Nonetheless, it appears from this 
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limited amount of testing that the ACI 318 [2008] equation for modulus of elasticity is as 
applicable to HVFA concrete as it is to conventional concrete. 
T bl 42 M d I f I f't t t Its f h ltd a e . o u us 0 e as ICI v es resu o eac mix eva ua e . .. 
Mix 
28-Day Compressive Modulus of Elasticity (ksi) Strength (psi) 
Design 
Test Value Averal(e Test Value 57,Ooo1£c w1.533"!,Lc 
5990 
No.1 5460 5610 5800 4300 4120 
5380 
2590 
No.2 2910 2720 3430 2900 4050 
2660 
4240 
No.3 4400 4180 4780 3680 4020 
3900 
(1 psi = 6.89 kPa) 
4.7. SHRINKAGE ANALYSIS 
A modified version of ASTM C157-10 "Standard Test Method for Length 
Change of Hardened Hydraulic-Cement Mortar and Concrete" [ASTM CI57, 2010] was 
used in constructing concrete cylinders to evaluate the length change known as shrinkage 
for Mix Nos. 1, 2, and 3. Mix No.1, the 100 percent portland cement concrete with a 
wlcm of 0.45, was used as a baseline reference. Mix Nos. 2 and 3 contained 70 percent 
fly ash with wlcm of 0.45 and 0.40, respectively. 
4.7.1. Preparation and Testing. Each specimen was 4 in. (102 mm) in diameter 
and 24 in. (612 nun) in length. There were four long cylinders constructed for each mix 
design. All specimens were cast in PVC pipes with end caps and moist cured for 1 day. 
The specimens for each mix design were cast on three separate days over the course of an 
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8 month period. The first cast was of Mix No. I and took place on March 15,2010. The 
second cast was of Mix No.2 and occurred on June 2, 2010. The final cast was of Mix 
No.3 and took place on November 4,2010. The specimens were removed from the PVC 
pipe molds and marked for identification. Concrete and steel epoxy was then used to 
adhere 3 equally spaced sets of 5 DEMEC points every 4 in. (102 nun) along the length 
of each specimen as shown Figure 4.8. The points were set using the placement bar of 









Figure 4.8: Shrinkage specimen details. (a) Concrete shrinkage specimens with 
DEMEC points. (b) Dimensions of shrinkage specimen and placed DEMEC points. 
A, B, and C are at 1200 angles. 
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Readings on each of the specimens was taken for a period of 4 to 6 months, 
respectively of each mix design. A DEMEC gauge was used to take the initial reading 
the day the specimens were removed from the molds and then taken once daily for 2 
weeks. After the specimens reached an age of 2 weeks, readings were then taken every 
other day for 2 months. Readings were then taken once a month for the remainder of the 
testing period. 
4.7.2. Results. Figure 4.9 shows the average concrete shrinkage of Mix Nos. 1 
through 3 over a period of approximately 120 days. As the results show, Mix No.1 had 
considerably higher shrinkage strains than that of Mix Nos. 2 and 3. Mix Nos. 2 and 3 
contained 70 percent fly ash and 30 percent portland cement. The shrinkage strain results 
of Mix Nos. 2 and 3 are very similar to one another. 
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Figure 4.9: Average raw concrete shrinkage for each specimen. 
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4.7.3. Data Analysis and Interpretation. A standard error analysis was also 
performed for each of the mixes tested as shown in Figure 4.10. The standard error bars 
represent a 95 percent confidence interval for each set of four specimens cast for each 
concrete mix design. The confidence intervals were developed using the standard error 
of a set's mean value (SEM). A data set consisted of nine DEMEC measurements from 
each of the four specimens tested for each mix design, or 36 readings for each plotted 
point in Figure 4.10. Data values pertaining to each of the specimens tested may be 
found in Appendix B. The standard errors plotted for each concrete mix design show 
only small amounts of variation. The plotted standard error bars illustrate how 
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- Average Raw Shrinkage of Mix No. I - Average Raw Shrinkage of Mix No.2-Average Raw Shrinkage of Mix No .3 
Figure 4.10: Average raw concrete shrinkage with standard error displayed for 
each specimen. 
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Also evaluated with the results from the shrinkage testing were several shrinkage 
prediction models discussed in a study conducted by Videla [2008]. The prediction 
models evaluated include: ACI 209-92 empirical model with a modified ultimate 
shrinkage (Ssh)u value; Bazant-Baweja B3 model; and CEB MC90-99 mode1. Various 
factors that affect shrinkage as stated in Videla [2008] include: age of concrete when 
drying starts; curing method; relative humidity; volume-surface ratio or average specimen 
thickness; cement type; and concrete mean compressive strength. Each prediction model 
is based on different variations of the factors mentioned above. Although, no particular 
model is considered "the best model" to use in predicting shrinkage, each model was 
plotted to show a comparison between predicted values and tested values. Lastly, to note 
from the above study, is the models were calibrated with conventional concretes and 
concretes containing no more than 30 percent fly ash. 
The prediction models mentioned above are shown in comparison to Mix No.1 as 
expressed in Figure 4.11. The ACI 209 R-92 Model over predicts the shrinkage as 
measured for Mix No.1. The CEB MC90 Model under predicts the shrinkage. The B3 
Model shows the nearest predicted shrinkage to Mix No.1, although, predicting slightly 
lower values. The measured shrinkage of Mix No. I is greater than any of the prediction 
models for the first 30 days. After about 30 days, Mix No. 1 fa11s within the predicted 
values of the ACI 209 R-92 Model and B3 Model, although much closer to the B3 
Model. 
Mix No.2 with the prediction models are shown in Figure 4.12. All three model s 
show over prediction of shrinkage compared to the measured shrinkage values of Mix 
No.2. The B3 Model exhibits values nearly 400 micro strain higher than that of Mix No. 
2. However, the ACI 209 R-92 Model and CEB MC90 Model have comparable 
prediction results. Early values predicted by the ACI 209 R-92 Model are near that of 
measured shrinkage values. 
Figure 4.13 shows Mix No.3 with each shrinkage prediction model. For the first 
10 days, the CEB MC90-99 and B3 models follow the measured shrinkage results very 
wel1. Although, compared to the other models at later age, the CEB MC90-99 model 
predicts closest with the measured shrinkage results. However, this model is still nearly 
100 micro strain larger than the measured results. The other two models result in 
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shrinkage predictions of very similar fashion and show much larger results than the 
measured results, having values near 600 micro strain. 
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Figure 4.12: Average raw shrinkage of Mix No.2 and shrinkage prediction models. 
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Figure 4.13: Average raw shrinkage of Mix No.3 and shrinkage prediction models. 
4.7.4. Conclusions. As stated above, the HVFA concrete mixes exhibited much 
lower shrinkage strains than the 100 percent portland cement concrete mix. The results 
of this test conclude that the addition of fly ash in the concrete has a significant effect on 
the shrinkage strain experienced by each specimen. Section 2.4.2 discusses that the 
addition of fly ash increases the volume of paste and may increase shrinkage provided the 
w!cm remains unchanged. This study examined two wlcm for the HVFA concrete of 0.45 
and 0.40. It is to be expected that decreasing the wlcm from 0.45 to 0.40 in the HFV A 
concrete mix would reduce the shrinkage. The results of the data not coinciding with this 
may be attributed to the humidity conditions at which the specimens of Mix No.3 were 
stored, which were indoor ambient conditions but not within a controlled environmental 
79 
chamber. Nonetheless, the HVFA concrete specimens experienced noticeably less 
shrinkage than the 100 percent portland cement concrete. 
The standard error plots shown in Figure 4.] 0 indicate that each mix design has 
statistically different shrinkage strains from one another over the period of testing. If the 
results from anyone mix were to fall within the standard error variation of any other 
concrete mix tested, this would indicate those mixes would not be statistically different. 
However, none of the concrete mixes exhibited this result. Tables pertaining to standard 
error values for a specific specimen may be found in Appendix B. 
Figures 4.11 through 4.13 shows the average shrinkage of each lTIlX and the 
shrinkage prediction models used. The results for Mix No. 1 indicate that the B3 Model 
could be used to predict an estimation of the shrinkage experienced within the concrete. 
As for Mix Nos. 2 and 3, the models noticeably overestimate the shrinkage. The models 
tended to over predict the shrinkage for Mix No.2 more than for Mix No.3. If any of the 
shrinkage prediction plots were within the standard error bar ranges of either concrete 
mix, then it could be concluded the model's prediction of shrinkage would not be 
statistically different than the reported measured shrinkage values. Previously discussed 
in Section 4.7.2 is the fact that these models are based on conventional concrete mixes. 
The models overestimating the shrinkage for Mix Nos. 2 and 3 may be attributed to this 
fact, indicating that a HVFA concrete mixes may use more of the available water for 
hydration and leave less available for shrinkage. 
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5. DURABILITY TESTS 
5.1. INTRODUCTION 
Durability is influenced by many factors and more often than not the integrity of 
structures or pavements are affected not only by one, but a combination of several of 
those factors. These factors include: strength, air content, and permeability, all of which 
share a common deterioration mechanism. The connecting mechanism between all the 
factors is water; which has significance on initial concrete mix design and provides the 
pathway for the ingress of other chemicals to promote deterioration when the concrete is 
hardened. Testing for the effects of simulated environmental wear on concrete specimens 
is important for designing structures and pavements with increased longevity. This 
section describes and explains the many tests preformed to evaluate the durability of the 
particular concrete mixes within this research study. 
5.2. DURABILITY TESTING 
Many tests have been developed to aid in the understanding and prediction of 
potential durability issues that concrete may experience during its lifetime. There are 
tests that analyze chloride penetration and concentration, which is then related to a scale 
estimating the potential risk for corrosion of embedded steel reinforcement. Other tests 
include using electrical resistance and potential difference to predict the resistance 
concrete may have against the onset of corrosion and how much corrosion damage may 
be present. Climate variations are also studied through freezing and thawing cycles to 
illustrate the damaging effects of such environments on concrete. Table 5.1 lists the 
durability tests used and performed to evaluate the particular concrete mixes within this 
research study. 
Three concrete mixes were evaluated with the durability tests listed in Table 5.1. 
These concrete mixes consisted of 100 percent portland cement at a wlcm of 0.45 and two 
mixes of 70 percent replacement of cement with fly ash at a wlcm of 0.45 and 0.40, which 
are shown below in Table 5.2. Since the wlcm is generally related to durability, the same 
wlcm was chosen for the portland cement and HVF A concrete that would undergo the 
various durability tests. A second wlcm of 0.40 was selected for the HVFA concrete 
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recognizing the decreased water demand that results from incorporating fly ash in a 
concrete mix. Fly ash develops a more condensed microstructure during the hydration 
period due to the fineness of the material compared to that of portland cement. This 
refined microstructure reduces the potential for ingress of chemicals and other such 
solvents that stimulate deterioration, which should be apparent during the durability 
testing. 
T bl 51 D bTt t ts rt a e . : ura I Ill' es pe orme d t on concre e mixes. 
Durability Test Characteristics 
Chloride Permeability 
Electrical Method ASTM C 1202 
Ponding Method ASTM C 1543 / AASHTO T 259 
Freeze-Thaw Resistance ASTM C 666 (Test Procedure A) 
Corrosion Resistance 
Concrete Resistivity ASTM C 1543 / AASHTO T 259 
Corrosion Potential ASTM C 1543 / AASHTO T 259 
Tabl 5 2 M t . I . hts f, h t I ated. e . a erIa weigl oreac concre e mix eva u . . 
Materials (lblyti) Mix Design No.1 No.2 No.3 
Water 345 345 345 
Cement 765 196 222 
Fly Ash - 457 519 
Calcium Hydroxide - 53 60 
Gypsum - 49 49 
Coarse Aggregate 1754 1754 1754 
Fine Aggregate 1016 1016 1016 
wlcm 0.45 0.45 0.40 
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5.3. CHLORIDE PERMEABILITY BY ELECTRICAL METHOD 
5.3.1. Preparation and Testing. Two specimens were constructed for each mix 
design listed in Table 5.2. The specimens measured 3.75 in. (95 mm) in diameter and 2 
in. (51 mm) in length and were cut from cores of cast cylinders which measured 6 in. 
(152 mm) in diameter. The curved surface of each specimens was coated in epoxy, and 
then the specimens were vacuum saturated with water for 1 hour fol1owed by soaking in 
water for 18 hours. 
Figure 5.1 shows the testing apparatus, where the specimen was placed with one 
end exposed to a solution of sodium chloride (NaCl) and the other end was exposed to a 
solution of sodium hydroxide (NaOH). A constant 60 V potential was applied across the 
specimen to increase the rate at which the chlorides would penetrate through the 
specimens. The test was run for 6 hours with electrical current measurements taken 
every 30 minutes. The total charge passing through the specimen (in coulombs) was then 
found by calculating the total area under the plot of time versus current. Thus, higher 
coulomb values indicated higher permeability. 
~ ~~v applied potential 
~d current readings 
3% NaCI solution 
in acrylic reservoir 
Ch loride ~-,--. .... , 
penetration 
Brass mesh 
electrode at each 
end of cylinder 
+ 
O.3N NaOH solution 
in acrylic reservoir 
3.75 in. (95 mm) diameter x 
2 in. Cs1 mm) long saturated 
concrete cyli nd er with 
epoxy-coated exposed surface 
Figure 5.1: Schematic of rapid chloride permeability test set up [Hooton, 2006]. 
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The chloride permeability test by electrical method does not directly measure the 
depth or rate of chloride penetration, therefore, a correlation of qualitative terms to a 
chloride ion penetrability has been recommended by ASTM C1202 [2009]. This 
correlation is shown in Table 5.3. 
5.3.2. Results. 
Table 5.3: Chloride ion penetrability 
based on charge passed. 
Charge Passed Chloride Ion 
(Coulombs) Penetrability 
> 4000 High 
2000 to 4000 
1000 to 2000 






The test results are shown in Table 5.4. Mix No. I resulted in 
the highest average charge passed, indicating there would be "moderate" penetration of 
chloride ions within a structure constructed with this concrete. The coefficient of 
variation was calculated to be 10 percent for the two specimens tested. Mix Nos. 2 and 3 
resulted in similar average charge passed indicating there would be "low" penetration of 
chloride ions within a structure constructed with this concrete, with Mix No.3 having the 
lowest value or highest resistance to chloride penetration. The coefficients of variation 
were calculated to be II and 12 percent for Mix No.2 and Mix No.3, respectively. The 
average charge passed for each concrete mix with the associated chloride ion 
penetrability rating is shown in Table 5.4. 
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Table 5.4: The tested concrete mixes with associated 
c hi 'd . t bTt f on e Ion pene ra I ny ra mg. 
Mix A verage Charge Chloride Ion 
Designation Passed Penetrability (coulombs) 
Mix No.1 2480 Moderate 
Mix No.2 1860 Low 
Mix No.3 1590 Low 
5.3.3. Conclusions. The results shown in Table 5.4 lead to the conclusion that 
Mix Nos. 2 and 3, each containing 70 percent fly ash replacement, would reduce the 
penetration of chloride ions through the concrete as compared to that of Mix No.1. The 
refined microstructure of the fly ash proves to be beneficial in preventing the ingress of 
chloride ions, even at the same wlcm. The decreased wlcm of Mix No.3 further reduces 
chloride ion penetration based on the results shown in Table 5.4. 
5.4. CHLORIDE PERMEABILITY BY PONDING METHOD 
5.4.1. Preparation and Testing. The AASHTO T259 standard was used as a 
guideline for conducting continual ponding tests of specimens from each mix design. 
This test standard states that continual ponding shall be maintained for 90 days. The 
testing carried out within this study consisted of 120 days. The ponding specimens 
measured 18 in. x 18 in. (457 mm x 457 mm) in plan and 3Y2 in. (89 mm) in height. Each 
specimen contained a 15 in. square (381 mm) by 1 in. deep (25 mm) reservoir along its 
surface, as shown in Figure 5.2. 
The forms used to cast the specimens were constructed of lumber and 1 in. thick 
(25 mm) polyisocyanurate foam. The walls of each form were made of four pieces of 1 Y2 
in. x 3Y2 in. (38 mm x 89 mm) lumber. A 21 in. x 21 in. x % in. (533 mm x 533 mm x 19 
mm) section of plywood was used as the bottom of each form. Centrally located on the 
top of the plywood was a 15 in. x 15 in. x 1 in. (381 mm x 381 mm x 25 mm) section of 
polyisocyanurate foam. The foam was secured to the plywood using Polyurethane 
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Premium Construction Adhesive manufactured by Henkel Corporation. Prior to using the 
forms, the interior surface of each form was coated with a layer of release agent that was 
manufactured by Dayton Superior. A drawing of a typical form may be found within 
Appendix C. 
(l in = 25.4 mm) 
Figure 5.2: Typical ponding specimen. 
During the 120 days of testing, specimens were stored within a room that had an 
average ambient temperature of 68°F (20°C) and a relative humidity of 40 to 60 percent. 
Specimens were placed upon shelves in an elevated position that measured approximately 
I in. (25 mm) above the underlying shelf as shown in Figure 5.3. 
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Figure 5.3: Typical specimen during testing. 
The chloride analysis conducted upon these specimens involved determining the 
water soluble chloride content within multiple samples of concrete powder. The samples 
of powder were collected at various locations along the depth of a core. Cores were 
removed from the middle of each specimen's reservoir. Before a core was taken from a 
specimen, a concrete powder sample was colJected from the surface of the specimen's 
reservoir at the location in which a core was going to be removed. Using a file, 
approximately 0.035 oz (1.0 g) of concrete paste, in a flower-like state, was gathered 
from a 3-in. x 3-in. (76 mm x 76 mm) area along the surface of the specimen's reservoir. 
Additional powder was obtained from within the same area while using a drill and a %-
in.-diameter (16 mm) concrete drill bit. As the driJl was running, it was slowly lowered 
onto the concrete surface and remained there for approximately two seconds. This 
procedure was then repeated multiple times until approximately 0.071 to 0.106 oz (2.0 to 
3.0 g) of concrete powder was obtained. The penetration of the drill bit into the concrete 
was less than 0.1 in. (3 mm) and did not occur twice at anyone location. Cores were 
obtained using a 3-in.-diameter (76 mm), water-cooled, diamond core bit as shown in 
Figure 5.4. After a core had been labeled, it was immediately placed within a plastic bag 
and then stored within a dry environment. 
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Figure 5.4: Coring of a specimen. 
Before collecting concrete powder samples from a core, elevations along its 
height were marked which indicated the elevations at which the concrete powder samples 
were to be collected. Those elevations were at distances of 0.25 in. (6 mm), 0.75 in. (19 
mm), 1.5 in. (38 mm), and 2 in. (51 mm) from the top surface, as shown in Figure 5.7. 
The top of the core was considered to be the area in which the surface powder sample 
was collected prior to coring. After the core was properly marked, it was placed within a 
vise that was securely attached to a drill press. As shown in Figure 5.5, a steel disk was 
positioned between the top of the core and the vise. This was done to prevent any 
spalling of the core while collecting the powder sample located at a distance of 0.25 in. (6 
mm) from the top of the core. The alignment of the vise and the platform of the drill 
press were then adjusted so that the 0.25 in. (6 mm) mark coincided with the %-in.-
diameter (10 mm) concrete drill bit. Once the mark was in line with the drill bit, a 
portion of the core's outer edge was removed by drilling to a depth of approximately 0.25 
in. (6 rom). This initiaJ amount of powder was removed with compressed air. A paper 
plate was then attached to the perimeter of the core using scotch tape, as shown in Figure 
5.5. The drill bit was then reinserted into the 0.25 in. (6 mm) deep hole that was 
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previously drilled and 0.053 to 0.071 oz (1.5 to 2.0 g) of concrete powder was collected 
by drilling to a depth of approximately 2 in. (51 mm). The powder sample was then 
placed within a labeled plastic bag and the surrounding surfaces were cleaned using 
compressed air. This procedure was then repeated until concrete powder samples were 




Figure 5.5: Powder sample collection process. (a) Collecting powder samples along 
the height of a concrete core. (b) Locations along the height of a core where 
concrete powder samples were collected. 
Using Rapid Chloride Testing (RCT) equipment manufactured by Germann 
Instruments, Inc., the concentration of water soluble chlorides contained within each 
powder sample was determined. Using the graduated ampoule and compression pin that 
were included within the RCT kit, 0.053 oz (1.5 g) of concrete powder, which pertained 
89 
to a single location along the height of a core, was measured. The powder was then 
transferred to a vial containing 0.304 fl-oz (9 mL) of an extraction liquid that was 
composed of 96 percent deionized water and 4 percent hydrogen peroxide (H20 2). The 
vial was then shaken for a period of 5 minutes. After a vial had been shaken, the contents 
within the vial were then filtered into a vial containing 0.034 fl-oz (1 mL) of a buffer 
solution. The buffer solution consisted of 24 percent hepes (CSHISN204S) and 76 percent 
deionized water. While filtering the contents from one solution to the other, the chloride 
selective electrode was prepped and calibrated according to the directions provided by the 
manufacturer. 
Prepping of the electrode consisted of filling it with a wetting agent that contained 
2 percent potassium nitrate (KN03), 3 percent potassium chloride (KCl), and 95 percent 
deionized water. Any air bubbles entrapped within the electrode were removed by gently 
taping the exterior surface of the electrode with a finger. Once prepped, the electrode 
was then connected to a voltmeter and inserted into one of four vials containing a 
solution with a known chloride concentration. The four calibration liquids included 
within the RCT kit contained chloride concentration levels of 0.005, 0.020, 0.050, and 
0.500 percent. Those four chloride concentrations produced voltage readings of 
approximately 100 mY, 72 mY, 49 mY, and -5 mV respectively. After removing the 
electrode from a vial, it was rinsed off using distilled water and then blotted dry with a 
tissue. The recorded voltage readings were then plotted upon a log chart that contained 
units of voltage in the x-axis and percent chlorides by weight of concrete in the y-axis. 
The four points were then connected by three straight lines which were drawn with the 
use of a straight edge. A data sheet containing this log chart is located in Appendix C. 
After successfully filtering the solution from one vial to the other, the solution 
was then quickly shaken for 1 to 2 seconds. The calibrated electrode was then inserted 
into the vial and remained there until the voltage reading stabilized to within 0.2 m V. 
Once stable, the voltage reading was then recorded and the chloride content was 
determined by using the log chart that contained the data which was previously obtained 
from the calibration liquids. The electrode was then removed from the vial, rinsed with 
distilled water and blotted dry with a tissue. 
90 
5.4.2. Results. Chloride profiles for the specimens are shown in Figures 5.6 and 
5.7. Two specimens from each concrete were used to obtain cores and conduct chloride 
content sampling. The results indicate that the cores from identical concrete mixes 
contain similar chloride concentrations. The chloride profile for all specimens followed 
the typical shape of highest concentration at the surface with a decreasing concentration 
as a function of depth. Figure 5.6 shows Mix Nos. 2 and 3, those containing high 
volumes of fly ash, have lower chloride concentrations than that of Mix No.1, the 100 
percent portland cement mix. The same trend is noticed in Figure 5.7. Set A and Set B 
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Figure 5.6: Typical chloride profiles for Set A ponding specimens. 
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Figure 5.7: Typical chloride profiles for Set B ponding specimens. 
5.4.3. Conclusions. The results shown in Figure 5.6 and 5.7 lead to the 
conclusion that all the chloride profiles are consistent with the chloride penetration within 
the specimens; the highest concentration at the surface and decreasing in chloride 
concentration with depth. The HVFA concrete of Mix Nos. 2 and 3 show lower chloride 
concentrations at the decreasing depths, thus, indicating a lower permeability and greater 
resistance to chloride penetration. Mix No.1 resulted in higher chloride concentrations at 
the decreasing depths than that of Mix Nos. 2 and 3, therefore, concluding Mix No. 1 has 
a greater permeability and lower resistance to chloride penetration. 
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5.5. FREEZE-THAW RESISTANCE - TEST PROCEDURE A 
5.5.1. Preparation and Testing. Test specimens were constructed in the 
laboratory and measured 3 in. x 4 in. x 16 in. (76 mm x 102 mm x 406 mm). Two 
specimens were constructed for each concrete mix design evaluated. All specimens were 
moist-cured for 28 days, tested at 28 days, and contained 5±1 percent air entrainment. 
Test procedure A of the freeze-thaw resistance test consisted of a rapid freezing 
and thawing cycle within water. The specimens were placed in the bath of water and 
subject to a temperature change from 40°F (404°C) to OaF (-17.7°C) then from OaF (-
17.7°C) back up to 40° (404°C). The temperature decrease and increase represented one 
freeze-thaw cycle. The cycle was within ASTM specifications lasting no longer than 5 
hours, but no less than 2 hours. The dynamic modulus of elasticity was recorded at 
several intervals, though not to exceed 36 cycles of freeze-thaw throughout the testing. 
An oscillator with ranging values of frequencies was used to find the lowest frequency at 
which each specimen would resonate. A conversion equation was then used to convert 
the fundamental transverse frequency to dynamic modulus of elasticity. This procedure 
was repeated until each specimen had undergone 300 freeze-thaw cycles. 
5.5.2. Results. The results from the freeze-thaw testing are shown in Table 5.5. 
A reported durability factor greater than 80 percent classifies a concrete mix as having 
"good" freeze-thaw resistance. Overall, the specimens representing Mix Nos. I through 
3 show results very near or above the 80 percent mark. Mix No.1, containing 100 
percent portland cement, reported the highest durability factors at nearly 90 percent. Mix 
No.3 reported the next highest durability factors at around 85 percent. Lastly, Mix No.2 
reported durability factors right at 80 percent. There is a significant difference in 
reported durability factors between Mix Nos. 2 and 3. However, Mix Nos. 1 and 3 show 
more similar results in the durability factors reported. 
5.5.3. Conclusions. The results from Table 5.5 lead to the conclusion that Mix 
No.3 is comparable to Mix No. 1 in terms of reported durability factors. The increased 
durability factors of Mix No.3 over Mix No.2 are likely attributed to the decreased w/cm 
from 0.45 to 0040. The reduction in w/cm decreases the amount of free voids within the 
pore structure of the concrete. Mix No.2, containing 70 percent fly ash at the same w/cm 
as Mix No.1, did not perform as wen as Mix Nos. 1 and 3, although it still indicated 
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"good" resistance to freeze-thaw damage. In general, the test results indicated that the 
HVFA concrete was able to develop an adequate air-void system to resist freeze-thaw 
damage. 
Table 5.5: Reported durability factor (%) 











5.6. CONCRETE RESISTIVITY 









The concrete resistivity test consisted of 
subjecting a tota1 of 18 reinforced concrete ponding specimens to a continuous two week 
wet / one week dry cycle, for a period of 24 to 30 weeks. The 18 reinforced concrete 
ponding specimens were divided into two groups based on 2 and 4 bar reinforcement 
arrangements. The two groups then had three sets, one for each mix design, with three 
specimens in each set. The group of specimens containing 2 bars was cycled for a period 
of 30 weeks and the group of specimens containing 4 bars was cycled for a period of 24 
weeks. 
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The ponding specimens measured] 8 in. x 18 in. (457 mm x 457 mm) in plan and 
3Y2 in. (89 mm) in height. Each specimen contained a 15 in. square (381 mm) by I in. 







Figure 5.8: Typical 4 bar reinforced ponding specimen. 
Four, 24-in.-long (533 mm). segments of deformed. No.4 (No. 13). Grade 60 
rebar were embedded within each of the sets for the 2 bar arrangement. The two bars in 
each of those sets were given 1 in. (26 mm) of cover with respect to the surface of the 
reservoir. Due to the reinforcement being placed at ] in. (26 mm) below the reservoir 
surface, it was decided to test these specimens with 2 bars for 30 weeks to allow more 
time for the ingress of potential chlorides. Four, 24-in.-long (533 mm). segments of 
defonned No.4 (No. 13), Grade 60 rebar were embedded within each of the sets for the 4 
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bar arrangements. Two of the four bars were positioned in the longitudinal direction and 
were given 0.5 in. (13 mm) of cover with respect to the surface of the reservoir. The 
remaining two bars were positioned directly beneath and in contact with the two 
longitudinal bars, but in the transverse direction. It was decided to test the specimens 
with 4 bars for 24 weeks since the reinforcement was placed closer to the reservoir 
surface than that of the 2 bar specimens and was expected to have experienced more 
exposure to penetrating chlorides that cause the development of corrosion. In an effort to 
prevent any rotation and/or movement of the bars during casting, plastic zip ties were 
used to connect the bars running perpendicular to one another. The bars were spaced in 
plan as shown in Figure 5.9. 
(a) (b) 
Figure 5.9: Specimen form work. (a) Rebar positioned within a form prior to 
casting. (b) Two perpendicular bars connected to one another using a plastic zip tie. 
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The fonns used to cast the specimens were constructed of lumber and 1 in. thick 
(25 mm) polyisocyanurate foam. The walls of each fonn were made of four pieces of 1 Y2 
in. x 3Y2 in. (38 mm x 89 mm) lumber. Two % in.-diameter (16 mm) holes were drilled 
through each of the walls at locations that confonned to the rebar locations. A 21 in. x 21 
in. x % in. (533 mm x 533 mm x 19 mm) section of plywood was used as the bottom of 
each fonn. Centrally located on the top of the plywood was a 15 in. x 15 in. x 1 in. (381 
mm x 381 mm x 25 mm) section of po1yisocyanurate foam. The foam was secured to the 
plywood using Polyurethane Premium Construction Adhesive manufactured by Henkel 
Corporation. Prior to using the fonns, the interior surface of each fonn was coated with a 
layer of release agent that was manufactured by Dayton Superior. A typical fonn is 
shown in Figure 5.9. A drawing of a typical fonn may be found within Appendix C. 
During the weeks of testing, specimens were stored within a room that had an 
average ambient temperature of 68 DF (20DC) and a relative humidity of 40 to 60 percent. 
Specimens were placed upon shelves in an elevated position that measured approximately 
I in. (25 mm) above the underlying shelf. The wet phase of a wet/dry cycle lasted for a 
total of two weeks and consisted of placing 0.53 gallons (2 liters) of saltwater within a 
specimen's reservoir. The saltwater remained within a specimen's reservoir during the 
entire two weeks and consisted of distilled water with 5 percent ACS grade sodium 
chloride (NaCl) by weight. To prevent any evaporation of the saltwater, each specimen 
was covered with plastic sheeting that was held down with an elastic band. An image of 
a typical specimen during the wet phase of testing is shown in Figure 5.10. 
The dry phase of a wet/dry cycle began when the saltwater contained within the 
specimen's reservoir was removed with the use of a vacuum. Removing the saltwater 
from a specimen involved positioning the hose of the vacuum along the front right comer 
of the specimen's reservoir and slowly lowering it into the saltwater. The hose remained 
within the front right corner of the specimen's reservoir until the majority of the saltwater 
was removed. The hose was then removed from the specimen's reservoir and the 
specimen was then pennitted to air dry, as shown in Figure 5.10 (b) above, for a period of 
one week. 
(a) (b) 
Figure 5.10: Typical specimen during phases of testing. (a) The wet phase of 
testing, (b) The dry phase of testing. 
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The wet/dry cycling of the specimens began directly after collecting the baseline 
resistivity measurements for each specimen. Baseline readings were conducted within 
the first week after a group of specimens had reached an age of 28 days. Once the 
baseline measurement had been recorded, the first wet/dry cycle began. Concrete 
resistivity readings were then performed after every two consecutive wet/dry cycles (6 
weeks). 
The resistivity of each specimen was measured every six weeks with the use of a 
Canin+, a corrosion analyzing instrument manufactured by Proceq. Canin+ incorporated 
the use of a Wenner Probe, also known as a four probe resistivity meter, which had a 
fixed electrode spacing of 2 in. (51 mm) and a nominal alternating current (AC) output of 
180 /lA at a frequency of 72 Hz. The equipment had an impedance of 10 Mn and an 
operating range of 0 to 99 kncm with a 1 kncm resolution. The equipment was portable 
and required six AA batteries. 
Resistivity measurements began immediately after a wet phase of testing had been 
completed. Once the majority of the saltwater had been removed from the specimen, the 
remaining surface water was given time to evaporate. After approximately 30 minutes, 
the specimen began to reach a saturated-surface-dry (SSD) condition. The SSD condition 
was when the entire surface of a specimen's reservoir was visibly saturated, but did not 
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possess any available saltwater. Paper towels were used to absorb any excess amounts of 
saltwater that may have accumulated within an area along the surface of a specimen's 
reservoir. However, this was only carried out when other areas along the surface the 
specimen's reservoir began to dry out. After removing the excess water, a squirt bottle, 
containing disti11ed water, was then used to re-saturate the dry areas along the specimen's 
surface. Once re-saturated, a template, made from lA-in.-thick (6 mm) plexiglass, was 
then used to cover the surface of the specimen's reservoir. The template contained six set 
of four holes that were evenly dispersed throughout its surface. A schematic layout of 
these holes may be seen in Figure 5.11. The holes were of the same diameter and were 
slightly larger than that of the Wenner Probe's four electrodes. 
(a) (b) 
Figure 5.11: Concrete resistivity equipment. (a) The Canin+ equipment alongside a 
specimen and the Wenner Probe. (b) Locations along a specimen where resistivity 
measurements were taken. 
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Preparation of the Wenner Probe consisted of removing the four sponges, partially 
inserted within the probe's electrodes, and letting them soak within distilled water. The 
sponges remained within the distilled water until the surface of the first specimen had 
reached the SSD condition. After the template was properly position within the 
specimen's reservoir, the sponges were then reinserted into the Wenner Probe's four 
electrodes. The Wenner Probe was then attached to the Canin+ and the resistivity of the 
specimen was measured. 
A specimen's resistivity was measured at the six locations shown in Figure 
5.11 (b). While conducting the measurements, any accumulation of water beneath the 
template was removed using paper towels. A measurement was deemed complete the 
moment the Canin+ continually reported a value to within 0.2 kncm. After completing 
the first three measurements along a specimen, the four sponges located at the ends of the 
Wenner Probe's four electrodes, were re-saturated with distilled water through a dipping 
process. Once the sponges had been re-saturated the three remaining measurements were 
then taken. 
5.6.2. Results. The resistivity for each specimen group over the course of the 30 
and 24 weeks of testing is shown in Figure 5.12 and 5.13, respectively. Each data point 
in the figure is an average value that represents the measured resistance of a specimen set 
during the 30 and 24 weeks of testing. Error bars, representing a 95 percent confidence 
interval for each data point, are also shown in Figures 5.] 2 and 5.] 3. A data point's 
confidence interval was developed using the standard error of a set's mean value (SEM) 
[ASTM G16, 1995]. A data set consisted of three individual sets of six resistivity values 
which were gathered from the three specimens contained within each specimen group. 
Therefore, a data point's SEM was equal to the standard deviation of these J 8 resistivity 
values divided by the square root of 18. Some error bars within Figures 5.] 2 and 5.13 are 
difficult to distinguish for they were very small values. A table of the resistivity values 
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o 6 12 18 24 30 
Tune (Weeks) 
- Mix No_ I - Control - Mix No.2 - 0.45 w/c - Mix No.3 - 0.40 w/c 
Figure 5.12: The trend in the average concrete resistance for each specimen type 
containing 2 bars during the 30 weeks of testing. 
Overall, the trend in resistivity for all the concrete mixes increases over the period 
of testing. The resistivity trend over the period of testing is similar for Mix Nos. 2 and 3 
of both plots. From about 6 to 12 weeks on, Mix No. 3 shows a slight increase in 
resistivity measurements over Mix No. 2 as shown in Figure 5.12. During the last 6 
weeks of the wet/dry cycling, at about 26 weeks, Mix No. 1 begins to show a decrease in 
concrete resistivity as shown in Figure 5.12. The same trend is also apparent in Figure 
5.13, namely that during the last 6 weeks of the wet/dry cycling, at about 21 weeks, Mix 
No. 1 begins to show a decrease in resistivity. However, at the end of testing at 30 
weeks, Mix Nos. 2 and 3 show a continual increase in concrete resistivity in both Figures 
5.12 and 5.13. 
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TIme (Weeks) 
- Mix No. I . Control - Mix No.2 - 0.45 w/c - Mix No_ 3 - 0.40 w/c 
Figure 5.13: The trend in the average concrete resistance for each specimen type 
containing 4 bars during the 24 weeks of testing. 
Using Table 5.6 and the overall resistance values reported within Figures 5.12 and 
5.13, the corrosion rate of the reinforcing bars contained within each specimen group was 
generalized assuming that the bars were depassivated. At nearly 12 weeks, both plots 
reported resistivity measurements that correlate to a rate of corrosion of "low to 
moderate." Both plots show reported resistivity measurements that correlate to a rate of 
corrosion of "high" from the beginning of testing up to 12 weeks. 
5.6.3. Conclusions. The resistivity measurements in Figures 5.12 and 5.13 show 
continual increase in resistivity of the concrete throughout the testing period of 30 and 24 
weeks. Typically, for conventional reinforced concrete, it may be expected that Mix No. 
t would experience a maintained resistance or a decrease in resistance being exposed to a 
chloride environment for an extended period of time. Rather, Mix No. I indicated an 
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increase in resistivity to applied electrical current at early testing weeks, but began to 
show a gradual decrease in resistivity near the end of the testing period. 
Table 5.6: Correlation between concrete resistivity and 
the rate of corrosion for a depassivated steel bar 





< 5 kQcm 
Rate of Corrosion 
Low 
Low to Moderate 
High 
Very High 
At current allowable replacement percentages, fly ash is wel1-known for 
enhancing the durability of concrete due to the refined microstructure developed during 
hydration. This would then suggest that Mix Nos. 2 and 3 may experience increasing 
resistivity measurements throughout the testing period. Figures 5.12 and 5.13 show an 
increase in resistivity measurements throughout testing. This reported trend also 
coincides with the longer hydration period of fly ash compared to conventional concrete. 
5.7. CORROSION POTENTIAL 
5.7.1. Preparation and Testing. The construction and preparation for the 
specimens used during the concrete resistivity testing may be referenced in Section 5.6. 
An explanation of the wet/dry cycling that all specimens experienced may also be found 
in Section 5.6. 
The wet/dry cycling of the specimens began directly after col1ecting the baseline 
corrosion potential measurements for each specimen. Baseline readings were conducted 
within the first week after a group of specimens had reached an age of 28 days. Once the 
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baseline measurement had been recorded the first wet/dry cycle began. Concrete 
corrosion potential readings were then performed after every two consecutive wet/dry 
cycles (6 weeks). The corrosion potential of the rebar embedded within a specimen was 
measured immediately after the specimen's resistivity readings were recorded. Using the 
Canin+ equipment, which had an operating range of ±999 m V and incorporated a 
copper/copper su1fate half-cell, the corrosion potential at three locations along the length 
of each embedded bar was measured. These locations were spaced 6 in. (152 mm) on 
center and were offset a distance 3 in. (76 mm) from a specimen's side. A schematic 
layout of the locations in which potential readings were taken along the surface of a 
specimen is shown in Figure 5.14. 
(a) (b) 
Figure 5.14: Corrosion potential equipment and locations. (a) The Canin+ 
equipment alongside a specimen and the copper/copper sulfate half-cell. (b) 
Locations along a specimen where corrosion potential measurements were taken. 
Prior to conducting the baseline corrosion potential measurements of the 
specimens, the half-cell was prepared in accordance to the operating manual. The half-
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cell's cap, which contained a wooden plug underneath a sponge, was removed and placed 
within distilled water for approximately one hour. While soaking the wooden plug, the 
copper sulfate solution was prepared. The solution required a 10 to 4 ratio (by weight) of 
distilled water to copper sulfate crystals, plus an additional 0.5 teaspoon of copper sulfate 
crystals. Following the 10 to 4 ratio, the solution was prepared using 1.16 oz (33.0 g) of 
distilled water and 0.47 oz (13.2 g) of copper sulfate crystals. The solution was then 
transferred to the half-cell where an additional 0.14 oz (4.0 g) of copper sulfate crystals 
were added to the solution. The half-cell was then closed using the cap containing the 
saturated wooden plug. During the weeks when the half-cell was not in use, the end of 
the cell containing the wooden plug was capped to prevent the plug from drying out. 
Before measuring the corrosion potential of an embedded bar contained within a 
specimen, the exposed steel along one end of the bar was cleaned. Cleaning of the steel 
was considered complete the moment a bright metal to bright metal connection between 
the bar and the voltmeter (or Canin+) was achieved. The connection between the positive 
terminal of the voltmeter and the bar was made through the use of an alligator clip, as 
shown in Figure 5.14. After securely connecting the voltmeter to the bar, the half-cell 
was then connected to the voltmeter's negative terminal. The sponge attached to the end 
of the half-cell was then dipped into distilled water until it became ful1y saturated. Once 
the sponge was saturated, the three points, as can be seen in Figure 5.14, corresponding to 
the bar that was currently connected to the voltmeter were located with the use of a ruler. 
Measurements were then carried out by gently placing the half-cell upon each of the three 
locations. The recorded values were based off of the Canin+'s ability to automatically 
acquire a value once a reading had become stable. After the three values were recorded, 
the sponge was then re-saturated and the corrosion potential values for the three 
remaining bars embedded within the specimen were obtained using the same procedure. 
5.7.2. Results. Corrosion potential measurements for the six groups of 
reinforced specimens are shown in Figures 5.15 and 5.16. Each data point within the plot 
represents an average potential value for the three specimens contained within each 
group. Error bars, representing a 95 percent confidence interval for each data point, are 
also shown in Figures 5.15 and 5.16. A data point's confidence interval was developed 
using the standard error of a data set's mean value (SEM). Data sets for the specimens 
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containing 2 bars consisted of three individual sets of 6 potential measurements. 
Likewise for specimens containing 4 bars, although, individual sets consisted of 12 
potential measurements. Therefore, a data point's SEM for specimens containing 2 bars 
was equal to the standard deviation of these 18 potential measurements divided by the 
square root of 18 and for specimens containing 4 bars was equal to the standard deviation 
of these 36 potential measurements divided by the square root of 36. The values 
calculated that represent the error bars for the following Figures 5.15 and 5.16 were small 
values and may be difficult to recognize. A table of potential measurements pertaining to 
a specific specimen within a specimen group may be found in Appendix C. 
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Figure 5.15: The trend of the average corrosion potential of each specimen 
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Figure 5:16: The trend of the average corrosion potential of each specimen 
containing 4 bars during the 24 weeks of testing. 
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As shown in Figure 5.15, Mix Nos. 2 and 3 containing 2 bars follow a similar 
trend in corrosion resistance, which decreases over the 30 weeks of testing. However, the 
trend in corrosion resistance of Mix No. 1 shows more positive half-cell potential 
measurements. Thus, Mix No. ] would appear to have a higher corrosion resistance than 
Mix Nos. 2 and 3. The corrosion resistance of the specimens containing 4 bars is shown 
in Figure 5.16. The same trend of decreasing corrosion resistance is observed for Mix 
Nos. 2 and 3. Again, a more positive half-cell measurement, although decreasing, is 
reported for Mix No.1 over the 24 week period of testing. According to Figures 5.15 and 
5.16, Mix Nos. 2 and 3 containing 2 bars show a more negative corrosion potential than 
Mix Nos. 2 and 3 containing 4 bars. 
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Using Table 5.7 and the potential values shown in Figures 5.15 and 5.16, the 
probability of the bars corroding within each specimen group was determined at the end 
of the testing period. Of the six specimen groups, Mix Nos. 2 and 3 containing 2 and 4 
bars reported final potential values of less than -350 m V. This indicted a "high (> 90%)" 
chance that each of the three specimens included within the four groups contained 
reinforcement that had begun to corrode. Mix No.2 containing 2 bars reported a final 
potential of less than -500 mY, which indicated a "severe" chance that the rebar had 
begun to corrode. The two remaining groups of Mix No.1 containing 2 and 4 bars had 
final potential values of -130 mV and -190 mY, respectively. This correlated to a "low « 
1 0%)" chance that a specimen belonging to either of those two groups contained 
corroding reinforcement. 
Table 5.7: Correlation between the corrosion potential 
of a steel bar embedded within concrete and 
risk of corrosion [Broomfield, 2007]. 
Potential (CSE) Corrosion Risk 
> -200 mV 
-200 to -350 mV 
-350 to -500 mV 
< -500 mY 
Low « 10%) 
Intermediate 
High (> 90%) 
Severe 
Determining the corrosion risk is not solely a function of the corrosion condition, 
but other factors as well. Potential measurements can be misleading by displaying very 
negative potential values. This may occur in saturated conditions where there is no 
oxygen to form a passive layer, however, with not oxygen, no corrosion can develop. 
Readings ranging from -350 mV to -500 mV simply indicates the steel is usually 
corroding actively. Values greater than -350 mV signify failing in the passive layer and 
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increasing amounts of steel are dissolving. Due to the nature of the testing with the 
measurements being linked by empirical comparisons and the probability of corrosion, no 
comparison between measurements and a percent area of corrosion to total exposed area 
can be made. 
5.7.3. Conclusions. Figures 5.15 and 5.16 indicate that Mix No. I has nearly 
constant potential measurements throughout the testing period. The results conclude that 
the reinforcement contained within specimens of Mix No.1 have a "low" probability of 
corrosion. However, the converse is noticed for Mix Nos. 2 and 3. Mix Nos. 2 and 3, 
containing 2 and 4 bars, both indicate similar results. The results lead to the conclusion 
that the reinforcement contained within specimens of Mix Nos. 2 and 3 have a "high" to 
"sever" chance of corrosion. Section 5.8 further discusses the correlation between the 
graphical representations of the probability of corrosion and the subsequent forensic 
evaluation. 
5.8. FORENSIC EVALUATION 
Upon completion of the 30 and 24-week-Iong ponding tests, a forensic evaluation 
was conducted on each group of specimens. The forensic evaluation involved a visual 
examination of the reinforcing bars embedded within a specimen after they were 
carefully removed from the concrete. Prior to the removal of the reinforcement, cores 
were taken from a portion of the selected specimens and the chloride profiles were 
developed. 
5.8.1. Chloride Penetration Evaluation. The specimens containing 
reinforcement underwent a chloride penetration evaluation as well. Cores were taken 
from the center of each specimen and tested in the same manner as described in Section 
5.4.1. Chloride penetration testing was performed on these specimens to determine if the 
concentration of chlorides at the depths in which the steel reinforcement was placed 
within the specimen were high enough to promote the development of corrosion. The 
chloride concentration results were then compared to the concrete resistivity and potential 
test results to verify the accuracy of those test methods on HVF A concrete. 
As expected, a large concentration of water soluble chlorides was discovered 
along the surface of each specimen that was tested. All the cores taken from each mix 
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showed a significant decrease in chloride concentration from 0.25 in (6 mm) to 1.5 in. 
(38 mm). All three mixes containing 2 bars have chloride concentrations indicating a 
"high" risk for corrosion at 0.25 in. (13 mm) and a "moderate" risk for corrosion at 1 in. 
(26 mm). All three mixes containing 4 bars have chloride concentrations indicating a 
"moderate" risk for corrosion at 0.5 in. (13 nun) and a "low" risk for corrosion at 1 in. 
(26 mm). 
5.8.2. Scaling Observations. As part of the forensic evaluation, observations 
were also made on the ponding specimens regarding efflorescence. Efflorescence is 
developed from the reaction of calcium carbonate (Ca(OHh) and carbon dioxide (C02), 
which leaves a white salt deposit on the surface of the concrete. This leaching of lime 
compounds is more likely to occur in concrete that is porous near the surface or when the 
concrete is exposed to a cycle of cool, wet weather followed by dry and hot weather. 
Gypsum and alkalis in the aggregate may have a similar effect of leading to a white 
deposit on the surface of the concrete. 
The HFV A specimens containing 2 and 4 bars with wlcm of 0.45 and 0.40 both 
exhibited signs of white "lime scale" deposits at 4 to 6 weeks of the first 6 week "wet" 
cycle. The conventional concrete containing 2 and 4 bars with wlcm of 0.45 exhibited 
signs at 10 to 12 weeks of testing, but the white deposit was not extensive as the HVFA 
specimens. No surface delamination was observed on the specimens. Figures 5.17 
through 5.20 show the visible white deposit on the specimens. 
Figure 5.17: Mix No.3 ponding specimen 1 with visible "lime scale" deposit. 
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Figure 5.18: Mix No.3 ponding specimen 3 with visible "lime scale" deposit. 
Figure 5.19: Mix No.2 ponding specimen 2 with visible "lime scale" deposit. 
Figure 5.20: Mix No. 1 ponding specimen 2 with little to no "lime scale" deposit. 
III 
5.8.3. Removal of Reinforcement. Removal of reinforcing bars from a 
specimen was achieved by using an air chisel. The ponding dam that retained the 
solution was removed first and then portions of the concrete specimen were gradually 
removed. The air chisel was used at two angles to remove the concrete; 90° position and 
45° position as shown in Figure 5.21. Any loose material along the length of each of the 
four reinforcing bars was removed by hand. Afterwards, each bar was visually examined 
and photographed. 
(a) (b) 
Figure 5.21: The air chisel in different positions (a) the 90° position; (b) the 45° 
position. 
5.8.4. Reinforcement Examination. The reinforcement was removed from two 
specimens of each concrete mix. Over all, the corrosion observed on the embedded 
reinforcement was very minimal. As shown in Figures 5.22 through 5.27 listed below, 




Figure 5.22: Reinforcment examination of Mix No.1 containing 2 bars. 
Reinforcement is at 1 in. (25 mm) from reservoir surface. (a) Cross-section of 
ponding specimen. (b) Typical steel reinforcement showing no signs of corrosion. 





Figure 5.23: Reinforcement examination of Mix No.2 containing 2 bars. 
Reinforcement is at 1 in. (25 mm) from reservoir surface. (a) Corrosion developing 
on reinforcement. (b) Corrosion spot on reinforcement. (c) and (d) No signs of 




Figure 5.24: Reinforcement examination of Mix No.3 contaning 2 bars. 
Reinforcement is at 1 in. (25 mm) from reservoir surface. (a) Cross-section of 
ponding specimen at reservoir edge. (b) Spot of corrosion 1 in. (25 mm) in length. 




Figure 5.25: Reinforcement examination of Mix No.1 containing 4 bars. (a) 
Vertical rebar embedded in concrete with transverse rebar removed showing no 
signs of corrosion on the concrete. (b) Indication of corrosion formation on rebar 
at 1/2 in. (12.5 mm) from reservoir surface. (c) Minimal signs of corrosion on rebar 
at ljz in. (12.5 mm) from reservoir surface. (d) Little to no rust formation on rebar 




Figure 5.26: Reinforcement examination of Mix No.2 containing 4 bars. (a) Rebar 
embedded in concrete showing corrosion development near edge of specimen. (b) 
Spots of corrosion developed on rebar at 1/2 in. (12.5 mm) from reservoir surface. (c) 




Figure 5.27: Reinforcement examination of Mix No.3 containing 4 bars. (a) 
Reinforcement embedded in concrete showing a concentrated area of corrosion 
development. (b) Concentrated area of corrosion 1.5 in. (19 mm) in length at 1/2 in. 
(12.5 mm) from reservoir surface. (c) Minimal sign of corrosion development at 1 
in. (25 mm) from reservoir surface. 
5.8.5. Conclusions. The results shown of the chloride concentration testing lead 
to the conclusion that all the chloride profiles are consistent with the chloride penetration 
within the specimens; the highest concentration at the surface and decreasing in chloride 
concentration with depth. Due to the extended testing period of the specimens containing 
2 bars, more chlorides were able to penetrate the specimens, increasing the risk for 
corrosion to develop on the embedded reinforcement. However, the forensic evaluation 
of the reinforcement within those specimens showed minimal signs of developed 
corrosion. The specimens containing 4 bars showed results of less chloride penetration, 
reducing the potential risk for the development of corrosion. Although, the risk for 
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corrOSIOn was reported to be "moderate," agam, the forensic evaluation of the 
reinforcement within those specimens showed minimal signs of developed corrosion. 
From these results, the conclusion can be drawn that while the chloride penetration 
testing reveals chloride levels within the concrete may promote corrosion, there is great 
variability in the fact that corrosion may not always develop at the risk correlated with 
the chloride concentrations. 
5.9. CONCLUSIONS 
All the results contained within Section 5 regarding the many durability tests 
performed are all valuable in determining the durability performance of HVFA concrete. 
Common relationships between the tests are recognized and summarized within this 
section to produce conclusions on the durability performance of the HVFA concrete 
tested. 
The chloride permeability test shows similar results to that of the chloride profiles 
developed from ponding specimens. Mix No. 1 resulted in the highest permeability 
rating of the three concrete mixes evaluated for both chloride tests. The chloride 
permeability test results of Mix Nos. 2 and 3 coincide with the results found from the 
developed chloride profiles. Both HVFA concrete mixes show lower penetration 
concentrations of chlorides compared to that of Mix No.1. 
The freeze-thaw test revealed that Mix No.3 is comparable to Mix No.1 in terms 
of reported durability factors. The increased durability factors of Mix No.3 over Mix 
No.2 are likely attributed to the decreased wlcm from 0.45 to 0.40. The reduction in 
wlcm decreases the amount of free voids within the pore structure of the concrete. Mix 
No.2, containing 70 percent fly ash at the same wlcm as Mix No.1, did not perform as 
well as Mix Nos. 1 and 3, although it sti11 indicated "good" resistance to freeze-thaw 
damage. In general, the test results indicated that the HVFA concrete was able to 
develop an adequate air-void system to resist freeze-thaw damage. 
Forensic evaluation of the specimens revealed variation in the condition reported 
for the concrete resistivity and potential measurements. The resistivity results indicated a 
"low" to "moderate" rate of corrosion. This coincided with the forensic evaluation of the 
119 
removed embedded reinforcement. The resistivity test is concluded to be applicable for 
estimating the rate of corrosion on HVF A concrete. 
The potential measurements, however, indicated a very different result when 
compared to the forensic evaluation. Mix Nos. 2 and 3 indicated a "high" chance of 
corrosion. The forensic investigation of the reinforcement from those concrete mixes 
showed otherwise. There was minimal to no corrosion development as shown in Figures 
5.22 through 5.27. Based on the forensic investigation, it may be concluded that the 
probability of corrosion results from the concrete potential testing does not coincide with 
the actual situation within the specimens. The probability of corrosion rating for Mix No. 
1 corresponds to the forensic evaluation of the removed embedded reinforcement. 
Therefore, the corrosion potential test may not be applicable to concrete containing high 
volumes of fly ash, or, on the other hand, the test values must be recalibrated for this type 
of specialty concrete. 
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6. FINDINGS, CONCLUSIONS, & RECOMMENDATIONS 
6.1. FINDINGS 
6.1.1. Mix Design. The test results, as shown in Figure 3.9, suggest that the 
highest strength HVFA concrete mixes are the 50 and 60 percent fly ash proportions with 
nearly identical results. The 70 percent fly ash mix, however, yielded a reasonable 3-day 
compressive strength of nearly 2,000 psi (13.8 MPa) and a 28-day strength of nearly 
4,500 psi (31 MPa). Since both of these values are acceptable when designing concrete 
for construction, the final HVFA concrete mix chosen for this study was the 70 percent 
fly ash mix with 4 percent gypsum and 10 percent calcium hydroxide. 
6.1.2. Hardened Concrete Property Tests. Obtaining comparable compressive 
strengths at 28 days with HVFA concrete versus conventional concrete was a goal in this 
study. Figure 4.2 illustrates that when the wlcm is decreased to 0.30, HVFA concrete 
does exhibit identical 28-day compressive strength values with a conventional concrete at 
a w!cm of 0.45. Also, at a wlcm of 0.30 in a HVFA concrete, the compressive strength 
exceeded that of the conventional concrete at 56 days. If the wlcm were increased 
slightly to 0.35, the HVFA concrete still exhibits a comparable compressive strength to 
that of conventional concrete with a w!cm of 0.45 at 56 days. 
Early strength gain is important in construction, particularly for form removal. 
Figure 4.2 also shows that HVFA concrete having a w!cm consistent to a typical w/cm 
used in conventional concrete produces lower strengths not always suitable for normal 
construction practices. However, decreasing the HVFA concrete wlcm increases even 
early strength gain. HYFA concrete at 0.45 and 0.40 w!cm results in 1 day compressive 
strengths of less than 1,000 psi (6.9 MPa). Mix Design No. 1 reported a I-day 
compressive strength of 2,574 psi (17.7 MPa). Although decreasing the wlcm to 0.35 and 
0.30 does improve the 1 day compressive strengths, Mix Nos. 4 and 5 resulted in 
compressive strengths nearly 1,000 psi (6.9 MPa) less than that of Mix No.1, but these 
strengths are likely sufficient for normal concrete construction practices. 
When considering the differences in each mix design, the w!cm is the major 
factor. Each mix design was produced to investigate the effect decreasing the w!cm 
would have on the compressive strength. The behavior of the compressive strengths for 
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the mIX designs analyzed coincides with results for traditional nux designs with 
decreasing w/cm. Even with a mix consisting of 70 percent fly ash and 30 percent 
portland cement, it is still shown that decreasing the w/cm increases the compressive 
strength at all ages. Low early strength development is expected in HVFA concrete and 
the data concludes this very well. Lowering the w/cm in conventional concrete will also 
produce increased compressive strengths, but workability becomes difficult without 
admixtures. The advantage to using HVFA concrete is that the w/cm can be reduced to 
produce compressive strengths comparable to conventional concrete while maintaining 
workability. 
The flexural strength test was performed to assist In determining the tensile 
strength for Mix No.3, the production HVFA concrete mix for the full scale specimen 
testing. Due to the failures occurring within the middle one-third region of the beams, 
the MOR can be expressed by PUbd2• This equation is based on the elastic beam theory 
which implies the tensile stress is proportional to the distance from the neutral axis. 
However, this is merely an estimate since the stresses induced under load generate a 
parabolic relationship. Thus, the MOR overestimates the tensile strength and it is 
suggested that the correct value of tensile strength is about % of the theoretical modulus 
of rupture. Even for a conventional concrete, inconsistencies occur in determining the 
modulus of rupture. 
The variability of the MOR test IS significant and strongly affected by the 
moisture conditions of the specimen. Additional possibilities as to the reasons why the 
MOR test gives a higher value of strength than a direct tension test include: accidental 
eccentricity in a direct tensile test, which lowers the apparent strength of the concrete: the 
loading arrangement in a direct tensile test where the entire volume of the specimen is 
subjected to the maximum stress, increasing the potential for a weak element, and crack 
propagation blocked by less-stressed material closer to the neutral axis for the MOR test. 
ACI 318 Building Code [2008] uses the expression 7 .5-../!, c, where f c equals the 
average 28-day compressive strength, as the calculated MOR for building design. This 
expression is used for mix designs generally consisting of between 70 and 100 percent 
portland cement. Since Mix No.3 is comprised of 70 percent fly ash, the applicability of 
using this equation in calculating the tensile strength for mixes with this magnitude of fly 
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ash was evaluated. In usmg this particular approach, though, there is still some 
variability in calculating the MOR, even for 100 percent portland cement concrete mixes, 
with the actual coefficient ranging anywhere from 6 to 12. This equation showed that 
with the tested average stress value of 445 psi (3.0 MPa), the coefficient calculates to be 
6.89. This value is well within the given range used for portland cement concrete mixes. 
Significant variability of results from tensile testing is commonly recognized. 
Also, it is recognized that the MOR test rather overestimates the tensile strength of 
concrete, while the splitting tensile strength test determines tensile strengths closer to the 
direct tensile strength of concrete, only being 5 to 12 percent higher [Neville, 1997]. Mix 
No. 1 reported a tensile strength of 6.36...Jf c and Mix Nos. 2 and 3 reported tensile 
strengths of 6.83 and 6.86...Jf c, respectively. 
Like compressive strength, the modulus of elasticity is significantly affected by 
the modulus of the aggregate used in the concrete. Therefore, the modulus of elasticity is 
sensitive and measured values can be higher or lower than the specified calculated 
modulus of elasticity in accordance with ACI 318 [2008]. The measured values typically 
range from 80 to 120 percent of the specified calculated value according to ACI 318-08 
[2008]. Taking this into consideration, the average tested modulus of elasticity for Mix 
No. 2 fans within this range at 115 percent of the specified calculated modulus of 
elasticity. Mix No.3 is slightly outside of this range at 130 percent. As for Mix No.1, it 
lies significantly outside of this typical range at 150 percent of the specified calculated 
modulus of elasticity. 
The HVFA concrete mixes exhibited much lower shrinkage strains than the 100 
percent portland cement concrete mix. The results of this test conclude that the addition 
of fly ash in the concrete has a significant effect on the shrinkage strain experienced by 
each specimen. Section 2.4.2 discusses that the addition of fly ash increases the volume 
of paste and may increase shrinkage provided the w!cm remains unchanged. This study 
examined two wlcm for the HVFA concrete of 0.45 and 0.40. It is to be expected that 
decreasing the w!cm from 0.45 to 0.40 in the HFV A concrete mix would reduce the 
shrinkage. The results of the data not coinciding with this may be attributed to the 
humidity conditions at which the specimens of Mix No.3 were stored, which were indoor 
ambient conditions but not within a controlled environmental chamber. Nonetheless, the 
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HVFA concrete specimens experienced noticeably less shrinkage than the 100 percent 
portland cement concrete with a wlcm of 0.45. 
The standard error plots shown in Figure 4.10 indicate that each mix design has 
statistically different shrinkage strains from one another over the period of testing. If the 
results from anyone mix were to fan within the standard error variation of any other 
concrete mix tested, this would indicate those mixes would not be statistically different. 
However, none of the concrete mixes exhibited this result. Tables pertaining to standard 
error values for a specific specimen may be found in Appendix B. 
Figures 4.11 through 4.13 shows the average shrinkage of each mix and the 
shrinkage prediction models used for comparison. The results for Mix No.1 indicate that 
the B3 Model could be used to predict an estimation of the shrinkage experienced within 
the concrete. As for Mix Nos. 2 and 3, the models noticeably overestimate the shrinkage. 
The models tended to over predict the shrinkage for Mix No.2 more than for Mix No.3. 
If any of the shrinkage prediction plots were within the standard error bar ranges of either 
concrete mix, then it could be concluded the model's prediction of shrinkage would not 
be statistically different than the reported measured shrinkage values. Previously 
discussed in Section 4.7.2 is the fact that these models are based on conventional concrete 
mixes. The models overestimating the shrinkage for Mix Nos. 2 and 3 may be attributed 
to this fact, indicating that a HVFA concrete mixes may use more of the available water 
for hydration and leave less available for shrinkage. 
6.1.3. Durability Tests. All the results contained within Section 5 regarding the 
many durability tests performed are all valuable in determining the durability 
performance of HVFA concrete. Common relationships between the tests are recognized 
and summarized within this section to produce conclusions on the durability performance 
of the HVFA concrete tested. 
The chloride permeability test shows similar results to that of the chloride profiles 
developed from ponding specimens. Mix No. 1 resulted in the highest permeability 
rating of the three concrete mixes evaluated for both chloride tests. The chloride 
permeability test results of Mix Nos. 2 and 3 coincide with the results found from the 
developed chloride profiles. Both HVFA concrete mixes show lower penetration 
concentrations of chlorides compared to that of Mix No. 1. 
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The freeze-thaw test revealed that Mix No.3 is comparable to Mix No. 1 in terms 
of reported durability factors. The increased durability factors of Mix No.3 over Mix 
No.2 are likely attributed to the decreased wlcm from 0.45 to 0.40. The reduction in 
wlcm decreases the amount of free voids within the pore structure of the concrete. Mix 
No.2, containing 70 percent fly ash at the same wlcm as Mix No. I, did not perform as 
well as Mix Nos. 1 and 3, although it still indicated "good" resistance to freeze-thaw 
damage. In general, the test results indicated that the HVF A concrete was able to 
develop an adequate air-void system to resist freeze-thaw damage. 
Forensic evaluation of the specimens revealed variation in the condition reported 
for the concrete resistivity and potential measurements. The resistivity results indicated a 
"low" to "moderate" rate of corrosion. This coincided with the forensic evaluation of the 
removed embedded reinforcement. 
The potential measurements, however, indicated a very different result when 
compared to the forensic evaluation. Mix Nos. 2 and 3 indicated a "high" chance of 
corrosion. The forensic investigation of the reinforcement from those concrete mixes 
showed otherwise. There was minimal to no corrosion development as shown in Figures 
5.22 through 5.27. 
6.2. CONCLUSIONS 
Based on the previously stated findings, the following conclusions can be drawn 
in reference to the evaluation and prediction of the performance of HVFA concrete: 
1. Decreasing the wlcm to 0.30 of HVFA concrete will produce comparable 
compressive strength at 28 days to that of a conventional concrete. 
2. HVF A concrete wilJ increase in compressive strength as the wlcm is decreased. 
3. The MOR test overestimates the tensile strength of HYFA concrete. 
4. The ACI 318 [2008] equation for the MOR is applicable to HVFA concrete. 
5. The splitting tensile strength test produced similar tensile strength values among 
the HVFA concretes, excluding the compressive strength variation. 
6. The splitting tensile strength test may be used to define tensile strength for HYFA 
concrete. 
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7. The ACI 318 [2008] equation for modulus of elasticity is as applicable to HVFA 
concrete as it is to conventional concrete. 
8. The HVFA concrete mixes exhibited lower concrete shrinkage strains than 
portland cement concrete. 
9. The HVFA concrete mixes exhibited lower chloride permeability according to the 
chloride permeability tests by the electrical and ponding methods. 
10. Reducing the w!cm from 0.45 to 0.40 in the HVFA concrete increases the freeze-
thaw resistance. 
11. The resistivity of HVFA concrete increases with time. 
12. The corrosion potential test does not correlate weH between the measurements 
and actual reinforcement corrosion; therefore, this test may not be used or shaH be 
calibrated for use on HVFA concrete. 
13. The chloride permeability testing performed on the specimens containing 
reinforcement indicated there was potential for corrosion development; however, 
the level of probable corrosion did not correlate with the forensic evaluation of 
the reinforcement. 
6.3. RECOMMENDATIONS 
Based on the findings and conclusions stated in the prevIous sections, the 
following recommendations were derived in regard to the use of HVFA concrete: 
1. The HVFA concrete mixes studied may be used in construction where a standard 
4,000 psi (27.5 MPa) concrete mix design is required. 
2. Excluding the half-cell potential method, existing relationships for hardened 
material properties and durability for conventional concretes are applicable to the 
HVFA concrete mixes studied. 
3. Additional testing is required on the applicability of half-cell potential for 
evaluating corrosion in the HVFA concrete mixes studied. 
4. The HVFA concrete mixes studied offers a sustainable alternative to conventional 
concrete in terms of carbon dioxide emissions and embodied energy. 
APPENDIX A 
HARDENED PROPERTY TESTS 
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TableA-l A t h ~ Mix No.1. 
· 
verage compressive S rengt S or 
· 
MIX No. I - CONTROL (100% PC) 









verage compressive S rengt S or 
· 
t h ~ Mix No.2. 
MIX No.2 - 70 % FA (w/cm = 0.45) 







Table A-3 A t h ~ Mix No.3. · verage compressive S rengt S or 
· 
MIX No.3 - 70 %FA (w/cm = 0.40) 







Table A 4 - : Average compressive strengt S or h ~ Mix No.4. 
MIX No.4 - 70 % FA (w/cm = 0.35) 








Table A-5 A . verage compressive S rengl S or . t th t Mix No.5. 
MIX No.5 - 70 % FA (w/cm = 0.30) 




















Flexural Strength: Modulus of Rupture 
Standard: ASTM C78 








~IX No.3 - 70 % FA (W/C = 0.40) 






















(Standard coefficient range of 6 to 12) 















T: splitting tensile strength (psi) 
P: maximum apJied load indicated (lbf) 
L: length (in) 
D: diamter (in) 
MIX No.1 - CONTROL (100% PC) Average Max Load 
Specimen D AVG (in) Max Load (Ibf) Average Compressive Strength 
# I 6.012 61680 Average Tensile Strength 
#2 6.000 61050 Tensile Coefficient 
#3 6.039 38955 Calculated Tensile Strength 
~IX No.2 - 70 % FA (W/C = 0.45) A verage Max Load 
Specimen D AVG (in) Max Load (Ib!) Average Compressive Strength 
# 1 6.041 43980 A verage Tensile Strength 
#2 5.697 36255 Tensile Coefficient 
#3 6.024 40605 Calculated Tensile Strength 
~IX No.3 - 70 % FA (W/C = 0.40) A verage Max Load 
Specimen DAVG (in) Max Load (Ibf) Average Compressive Strength 
#1 5.720 56979 Average Tensile Strength 
#2 6.025 56472 Tensile Coefficient 
#3 5.725 36797 Calculated Tensile Strength 




Science & Technology 
Modulus of Elasticity 



































Cylinder Correction Factor 
Gage Length 
Area 
~IX No.1 - CONTROL (100% PC) 
Specimen Load (ibf) C 496 (psi) 
#1 38947 5,800,000 
#2 38951 5,900,000 
#3 38913 5,700,000 
MIX No.2 - 70 % FA (W/C = 0.45) 
Specimen Load (lbJ) C 496 (psi) 
# 1 17082 3,500,000 
#2 17073 3,300,000 
#3 17075 3,500,000 
MIX No.3 - 70 % FA (W/C = 0.40) 
Specimen Load (lbJ) C 496 (psi) 
# I 19246 4,680,000 
#2 19224 4,745,000 










A verage Max Load 
Average C 496 
57000...Jfc Calculated Value 
Compressive Strength 
A verage Max Load 
Average C 496 
5700o...Jfc Calculated Value 
Compressive Strength 
A verage Max Load 
Average C 496 
57000...Jfc Calculated Value 

















MIX 1 - 70% FA w/c = 0.45 
Cast Date: 4/30/2010 Tirre of Cast: 2:30 100% PC wlc = 0.40 
Age of Mix: 0 I 2 3 4 5 6 
Days after opening: -I 0 I 2 3 4 5 
Material Specirren Number 4/30/2010 5/112010 51212010 5/3/2010 5/4/2010 5/5/2010 5/612010 
12:00 AM 12:00 AM 12:00 AM 12:00 AM 12:00 AM 12:00 AM 12:00 AM 
Refer Bar 715 715 715 716 716 715 714 
NC 1 1--1 0 -62.72 -125.44 -196.00 -250.88 -297.92 -297.92 
NC I 1--2 0 -78.40 -156.80 -243.04 -274.40 -297.92 -360.64 
NC I 1--3 0 -54.88 -109.76 -172.48 -203.84 -227.36 -243.04 
NC I 2--1 
NC I 2--2 
NC I 2--3 
NC 1 3--1 0 -54.88 - 109.76 -172.48 -235.20 -290.08 -258.72 
NC I 3--2 0 -54.88 -109.76 -172.48 -227.36 -274.40 -266.56 
NC I 3--3 0 0.00 0.00 0.00 0.00 0.00 0.00 
Average 0 -50.96 -101.92 -159.41 -198.61 -231.28 -237.81 
NC 2 1--1 0 -54.88 -109.76 -172.48 -203.84 -227.36 -258.72 
NC 2 1--2 0 -62.72 -125.44 -196.00 -235.20 -266.56 -274.40 
NC 2 1--3 0 -54.88 -109.76 -172.48 -196.00 -211.68 -258.72 
NC 2 2--1 0 -39.20 -78.40 -125.44 -125.44 -117.60 -133.28 
NC 2 2--2 0 -15.68 -31.36 -54.88 -78.40 -94.08 -125.44 
NC 2 2--3 0 -141.12 -282.24 -431.20 -493.92 -548.80 -556.64 
NC 2 3--1 
NC 2 3--2 0 -86.24 -172.48 -266.56 -313.60 -352.80 -439.04 
NC 2 3--3 
Average 0 -64.96 -129.92 -202.72 -235.20 -259.84 -292.32 
NC 3 1--1 0 -54.88 - 109.76 -117.60 -141.12 -156.80 -196.00 
NC 3 1--2 0 -7.84 -15.68 -31.36 -70.56 -101.92 -117.60 
NC 3 1--3 0 -39.20 -78.40 -125.44 -148.96 -164.64 -196.00 
NC 3 2--1 0 -47.04 -94.08 -148.96 -188.16 -219.52 -250.88 
NC 3 2--2 0 -47.04 -94.08 -148.96 -172.48 -188.16 -211.68 
NC 3 2--3 0 -78.40 -156.80 -243.04 -227.36 -203.84 -258.72 
NC 3 3--1 0 -54.88 -109.76 -172.48 -227.36 -274.40 -258.72 
NC 3 3--2 0 -54.88 -109.76 -172.48 -227.36 -274.40 -274.40 
NC 3 3--3 0 -47.04 -94.08 -148.96 -188.16 -219.52 -227.36 
Average 0 -47.91 -95.82 -145.48 -176.84 -200.36 -221.26 
NC 4 1--1 0 -23.52 -47.04 -78.40 -86.24 -86.24 -109.76 
NC 4 1--2 0 -15.68 -31.36 -54.88 -78.40 -94.08 -94.08 
NC 4 1--3 0 -47.04 -94.08 -148.96 -148.96 -141.12 -172.48 
NC 4 2--1 0 -15.68 -31.36 -54.88 -117.60 -172.48 -133.28 
NC 4 2--2 0 -23.52 -47.04 -78.40 -133.28 -180.32 -180.32 
NC 4 2--3 0 -62.72 -125.44 -148.96 -172.48 -188.16 -297.92 
NC 4 3--1 0 -31.36 -62.72 - 10 1.92 -117.60 -125.44 -125.44 
NC 4 3--2 0 -62.72 -125.44 -196.00 -243.04 -282.24 -282.24 
NC 4 3--3 0 -62.72 -125.44 -196.00 -235.20 -266.56 -274.40 
.------.. ------~---.- ---
----------_ .. _--_. __ ._-----_._-_ .... __ . __ ._._._ .. _----._- ... _--_. __ ._----
Average 0 -38.33 -76.66 -117.60 -148.09 -170.74 -185.55 
verage Raw Shrinkage of Mix No. 0 50.54 101.08 156.30 189.68 215.55 234.24 
Standard Deviation 0 11.02 22.03 35.49 36.73 38.51 44.44 
Standard Error 0 5.51 11.02 17.75 18.36 19.25 22.22 
------------------------------------------------------------------ACI 209 R-92 Model 0 11.60 25.95 50.57 73.97 96.24 117.45 
------------------------------------------------------------------83 Model 0 26.60 58.80 85.30 105.87 123.29 138.62 
------------------------------------------------------------------TSh= 0 0.00 116.63 110.33 106.81 104.38 102.54 
Ecrn607/Ecm 0 0.00 0.98 0.98 0.98 0.98 0.98 
EShoo 0 0.00 812.21 812.95 813.32 813.55 813.68 
____________ ~~~L= _____ ~ _____ 0..:...0.2 _____ 0~"O.2 _____ f!.;.!.L ____ 0..:...12 ____ -2.:..!2 ____ .P3~ __ 
CEB MC90 Model 0 31.80 53.81 75.67 92.16 105.84 117.69 
------------------------------------------------------------------!3s(t-tc) = 0 0.00 0.1 I 0.15 0.18 0.21 0.23 
Figure B-1: Example of recorded shrinkage 
measurements during testing for Mix No.1. 
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MIX 2 - 70% FA wle = 0.45 
Cast Date: 11/412010 Time of Cast: 10:30 70% FA wlc = 0.45 
Humidity: 0 24 22 22 25 23 42 
Age of Mix: 0 I 2 3 4 5 6 
Days after opening: -I 0 2 3 4 5 
Material Specimen Number 11/412010 11/5/2010 11/612010 IInt2010 11/812010 11/912010 11/1012010 12:00 AM 12·15 PM 4:00 AM 7:00 PM 10:00 AM 3:00 AM I 1·30 AM 
Refer Bar 715 714 715 713 714 714 
7010.45 I 1--1 0 -15.68 -23.52 -54.88 -101.92 -94.08 -94.08 
7010.45 I 1--2 0 -31.36 -54.88 -86.24 -94.08 -133.28 -148.96 
7010.45 I 1--3 0 -78.40 -148.96 -180.32 -148.96 -172.48 -211.68 
7010.45 I 2--1 0 0.00 7.84 -23.52 -23.52 -39.20 -70.56 
7010.45 I 2--2 0 -31.36 -54.88 -86.24 -94.08 -117.60 -117.60 
7010.45 I 2--3 0 -39.20 -70.56 -117.60 -109.76 -133.28 -156.80 
7010.45 I 3--1 0 -54.88 - 10 1.92 -148.96 -141.12 -180.32 -188.16 
7010.45 I 3--2 0 -47.04 -86.24 -133.28 -156.80 -188.16 -203.84 
7010.45 I 3--3 0 -54.88 -10 1.92 -148.96 -125.44 -172.48 -188.16 
Average 0 -39.20 -70.56 -108.89 -110.63 -136.76 -153.32 
7010.45 2 1-- 1 0 -15.68 -39.20 -78.40 -54.88 -70.56 -62.72 
7010.45 2 1--2 0 -31.36 -70.56 -94.08 -109.76 -101.92 -101.92 
7010.45 2 1--3 0 -39.20 -86.24 -78.40 -78.40 -141.12 -172.48 
7010.45 2 2--1 0 23.52 39.20 -15.68 -15.68 -31.36 -54.88 
7010.45 2 2--2 0 0.00 -7.84 360.64 -47.04 -78.40 -86.24 
7010.45 2 2--3 0 -15.68 -39.20 -101.92 -70.56 -78.40 -94.08 
7010.45 2 3--1 0 -7.84 -23.52 -54.88 -39.20 -54.88 -70.56 
7010.45 2 3--2 0 -47.04 -101.92 -148.96 -133.28 -164.64 -172.48 
7010.45 2 3--3 0 -7.84 -23.52 -62.72 -47.04 -62.72 -86.24 
Average 0 -15.68 -39.20 -30.49 -66.20 -87.11 -100.18 
7010.45 3 1--1 0 -15.68 -39.20 -54.88 -70.56 -101.92 -117.60 
7010.45 3 1--2 0 -7.84 -23.52 -54.88 -54.88 -86.24 -101.92 
7010.45 3 1--3 0 15.68 23.52 -23.52 -39.20 -31.36 -54.88 
7010.45 3 2--1 0 7.84 7.84 -54.88 -39.20 -54.88 -70.56 
7010.45 3 2--2 0 -15.68 -39.20 -62.72 -109.76 -94.08 -101.92 
7010.45 3 2--3 0 0.00 -7.84 -47.04 -54.88 -86.24 -125.44 
7010.45 3 3--1 0 -39.20 -86.24 -101.92 -94.08 -101.92 -133.28 
7010.45 3 3--2 0 -47.04 -101.92 -117.60 -133.28 -156.80 -156.80 
7010.45 3 3--3 0 -62.72 -133.28 -156.80 -156.80 -180.32 -188.16 
Average 0 -18.29 -44.43 -74.92 -83.63 -99.31 -116.73 
7010.45 4 1--1 0 -47.04 -10 1.92 -101.92 -94.08 -117.60 -133.28 
7010.45 4 1--2 0 -47.04 -101.92 -141.12 -172.48 -188.16 -196.00 
7010.45 4 1--3 0 -39.20 -86.24 -125.44 -125.44 -148.96 -156.80 
7010.45 4 2--1 0 15.68 23.52 -7.84 -7.84 -15.68 -54.88 
7010.45 4 2--2 0 7.84 7.84 -31.36 -31.36 -39.20 -70.56 
7010.45 4 2--3 0 -47.04 -101.92 -117.60 -133.28 -141.12 -133.28 
7010.45 4 3--1 0 -39.20 -86.24 -109.76 -117.60 -133.28 -156.80 
7010.45 4 3--2 0 -23.52 -54.88 -86.24 -125.44 -133.28 -141.12 
7010.45 4 3--3 0 -54.88 -117.60 -156.80 -164.64 -172.48 -196.00 
------_._. __ .. _._------_ .. _. __ ._-----'-" .---.---------.~.----.-.-- ----
Average 0 -30.49 -68.82 -97.56 -108.02 -121.08 -137.64 
verage Raw Shrinkage of Mix No. o 25.92 55.75 77.96 92.12 111.07 126.96 
Standard Deviation 0 10.96 16.25 34.66 21.13 22.16 23.31 
Standard Error 0 5.48 8.13 17.33 10.56 1 1.08 I 1.66 
------------------------------------------------------------------ACI 209 R-92 Model 0 8.20 17.7 I 34.5 I 50.48 65.68 80. 16 









128.00 125.09 122.88 
0.98 0.98 0.98 
EShoo 0 0.00 916.70 917.43 917.81 918.04 918.20 
____________ ~<l:~L= _____ CL _____ 0~0.2 _____ 0_;'O~ _____ 9.:.!.3 _____ 0_}~ ____ ..9.:..!~ ____ .2:3Q. __ 
CEBMC90Modei 0 43.10 66.68 93.77 114.21 131.16 145.84 
------------------------------------------------------------------I3s(t-tc) = 0 0.00 0.11 0.15 0.18 0.21 0.23 
Figure B-2: Example of recorded shrinkage 
measurements during testing for Mix No.2. 
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MJX 3 -70% FA we = 0.40 
Cast Dale: 61212010 Tirre of Cast: 10:30 70% FA wlc = 0.40 
Hwnidity: 0 60 68 74 56 64 66 67 
Age of Mix: 0 I 2 3 4 5 6 7 
Days after opening: ·1 0 I 2 3 4 5 6 
Malerial Specirren Number 61212010 613/2010 6/412010 6/512010 6/6/2010 6n12010 618/2010 6/912010 0 0:00 12:30 4·30 1·20 4·15 2-30 12:00 
Refer Bar 715 715 716 715 713 713 715 714 
7010.40 I 1--1 0 -109.76 -227.36 -329.28 -274.40 -290.08 -243.04 -235.20 
7010.40 I 1--2 0 O.DO -7.84 0.00 15.68 -15.68 -47.04 -47.04 
7010.40 I 1--3 0 -15.68 -39.20 -47.04 -62.72 -78.40 -125.44 -94.08 
7010.40 I 2--1 0 -62.72 -133.28 -188.16 -196.00 -211.68 -243.04 -235.20 
7010.40 I 2--2 0 -62.72 -133.28 -188.16 -ID03.52 -1027.04 -1058.40 -1034.88 
7010.40 I 2--3 0 -54.88 -117.60 -164.64 -196.00 -203.84 -227.36 -211.68 
7010.40 I 3--1 0 -47.04 -101.92 -141.12 -203.84 -219.52 -243.04 -243.04 
7010.40 I 3--2 0 -39.20 -86.24 -117.60 -148.96 -164.64 -196.DO -188.16 
7010.40 I 3--3 0 -23.52 -54.88 -70.56 -101.92 -141.12 -156.80 -156.80 
Average 0 -46.17 -100.18 -138.51 -241.30 -261.33 -282.24 -271.79 
7010.40 2 1--1 0 15.68 31.36 47.04 39.20 39.20 39.20 47.04 
7010.40 2 1--2 
7010.40 2 1--3 0 -31.36 -62.72 -94.08 -109.76 -109.76 -109.76 -148.96 
7010.40 2 2--1 0 -47.04 -94.08 -141.12 -117.60 - 125.44 -141.12 -141.12 
7010.40 2 2--2 0 -47.04 -94.08 -141.12 -125.44 -156.80 -180.32 -180.32 
7010.40 2 2--3 0 -31.36 -62.72 -94.08 -70.56 -78.40 -101.92 -109.76 
7010.40 2 3--1 0 -7.84 -15.68 -23.52 -54.88 -86.24 -109.76 -133.28 
7010.40 2 3--2 0 -31.36 -62.72 -94.08 -125.44 -172.48 - I 96.DO -196.00 
7010.40 2 3--3 0 -47.04 -94.08 -141.12 -172.48 -211.68 -227.36 -227.36 
Average 0 -28.42 -56.84 -85.26 -92.12 -112.70 -128.38 - 136.22 
7010.40 3 1--1 0 -23.52 -47.04 -54.88 -62.72 -94.08 -109.76 -125.44 
7010.40 3 1--2 0 23.52 47.04 86.24 54.88 70.56 62.72 70.56 
7010.40 3 1--3 
7010.40 3 2--1 0 -47.04 -94.08 -125.44 -141.12 -141.12 -164.64 -164.64 
7010.40 3 2--2 0 -70.56 -14l.l2 -196.00 -227.36 -250.88 -266.56 -266.56 
7010.40 3 2--3 0 -62.72 -125.44 -172.48 -203.84 -211.68 -250.88 -243.04 
7010.40 3 3--1 0 -54.88 -109.76 -148.96 -180.32 -203.84 -211.68 -227.36 
7010.40 3 3--2 0 -62.72 -125.44 -172.48 -141.12 -250.88 -258.72 -258.72 
7010.40 3 3--3 0 -78.40 -156.80 -219.52 -258.72 -297.92 -305.76 -313.60 
Average 0 -47.04 -94.08 -125.44 -145.04 -172.48 -188.16 -191.10 
7010.40 4 1-- I 0 -31.36 -54.88 -86.24 -109.76 -117.60 -133.28 -188.16 
7010.40 4 1--2 0 -31.36 -54.88 -86.24 -109.76 -117.60 -133.28 -172.48 
7010.40 4 1--3 0 -31.36 -54.88 -86.24 -101.92 -101.92 -117.60 -125.44 
7010.40 4 2--1 0 31.36 70.56 101.92 86.24 70.56 47.04 23.52 
7010.40 4 2--2 0 -47.04 -86.24 -133.28 -141.12 -148.96 -180.32 -227.36 
7010.40 4 2--3 0 -39.20 -70.56 -109.76 -117.60 -141.12 -164.64 -164.64 
7010.40 4 3-- I 0 -70.56 -133.28 -203.84 -235.20 -250.88 -266.56 -274.40 
7010.40 4 3--2 0 -78.40 -148.96 -227.36 -274.40 -282.24 -305.76 -305.76 
7010.40 4 3--3 0 -86.24 -164.64 -250.88 -282.24 -305.76 -329.28 -344.96 
Average 0 -42.68 -77.53 -120.21 -142.86 -155.06 -175.96 -197.74 
verage Raw Shrinkage of Mix No 0 41.08 82.16 117.36 155.33 175.39 193.69 199.21 
Standard Deviation 0 8.65 19.40 22.74 62.31 62.55 64.42 55.69 
Standard Error 0 4.32 9.70 11.37 31.15 31.28 32.21 27.84 
-------------------------------------------------------------------------AC1209R-92Model 0 15.60 20.39 39.74 58.14 75.64 92.31 108.21 
-------------------------------------------------------------------------B3 Model 0 42.30 60.53 87.85 109.09 127.09 142.96 157.31 
-------------------------------------------------------------------------Tsh= 0 O.DO 135.87 128.54 124.44 121.61 119.46 117.73 
Ecrr607/Ecrr 0 0.00 0.97 0.98 0.98 0.98 0.98 0.98 
EShoo 0 O.DO 902.24 902.96 903.35 903.58 903.73 903.83 
____________ ~~~L= _____ 0 ______ 0.;..D.2 _____ 0.;..0.2 _____ ~!...2 _____ 0.;..12 ____ Jl.J~ ____ .22Q. ____ 2·~~ __ 
CEBMC90Model 0 36.70 65.23 91.74 111.73 128.31 142.68 155.46 
-------------------------------------------------------------------------!3s(l-Ic) = 0 O.DO 0.11 0.15 0.18 0.21 0.23 0.25 
Figure B-3: Example of recorded shrinkage 
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Figure C -1: Typical ponding specimen form details and dimensions. 
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Bar-4 ) 
[Cover ' 12- in .J 
Bar-3 ) 
[Cover : ~/: - in . l 
l Bar-2 --_. 
[Co veT I-in.] LABEL 
138 
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Figure C - 2: Labeling of bars embedded within a ponding specimen with respect to 
the specimen's label. 
(a) 
(h) 
Figure C - 3: The locations of the (a) resistivity and (b) corrosion potential 
measurements with respect to a poDding specimen's label. 
139 
140 
2-BAR Resistivity Measurements (kQcm) vs. Time (weeks): 
Location: 0 6 12 18 24 30 
1 8.0 9.8 14.0 14.0 17.0 21.0 
2 7.4 6.6 12.0 13.0 13.0 16.0 
3 9.1 9.0 13.0 14.0 14.0 11.0 
....... 
0 4 8.2 4.6 11.0 12.0 9.5 19.0 
5 8.1 8.6 12.0 14.0 16.0 18.0 
6 7.4 9.0 12.0 14.0 15.0 17.0 
,-'- ~ '". ': -.~. --;. :;" <, . <.' : . "- :~-<.:.' : ,:' ,; .. -' .~. .{-- .- ;,,_ :'::: -;., :~,~~':'(.:'-::.;' ;;.~:):~l_~ ~~~'[it ' ;{ £4::~~~'f~~': n~ j.:}t~ \ .. _~~,.~.;~~_l-- ~~,~~ • .. ?: ~~ 
1 9.9 9.7 12.0 15.0 16.0 13.0 
~ 2 6.4 7.5 11.0 13.0 12.0 15.0 ~ 
s;: 
3 9.2 8.1 13.0 14.0 15.0 16.0 a C'l 
'- 0 s;: 4 7.2 9.4 13.0 13.0 16.0 8.6 
'" 
.§ 
'-' 5 8.0 10.0 13.0 14.0 15.0 8.7 
'" ~ 6 8.2 8.6 12.0 13.0 14.0 9.5 
Ii;~~ .- ~' i' ~-~'H-~¥'~':~ 'i~-~' ~..!i\ • :.-"'~)if·~; ·f ~:~'~· .. :·~/~> .-:;" :i-", ' <4-_: -: ~-""{- :~V-;f~ ;>. ''''~;t ·,=~'l ··-·fr...,~ f,~;'~' ~ ~ :I'-A~+"!~·*~~~.~ ~i ~"'~ .. ~~~~%~ ~%:a?':lNr;,".;':·,· -!. .-. . :""> . , ...... 
1 9.0 9.4 14.0 15.0 16.0 20.0 
2 7.2 7.7 12.0 13.0 14.0 16.0 
3 9.2 6.9 13.0 13.0 8.5 18.0 
""l 
0 4 8.2 9.4 14.0 14.0 15.0 21.0 
5 8.0 9.4 14.0 14.0 15.0 18.0 
6 8.0 9.1 13.0 14.0 14.0 7.0 
C-1 Average: 8.0 7.9 12.3 13.5 14.1 17.0 
C-2 Average: 8.2 8.9 12.3 13.7 14.7 11.8 
C-3 Average: 8.3 8.7 13.3 13.8 13.8 16.7 
Overall Average: 8.15 8.49 12.67 13.67 14.17 15.16 
Standard Dev.: 0.87 1.39 0.97 0.77 2.24 4.48 
SEM: 0.21 0.33 0.23 0.18 0.53 1.06 
Maximum: 9.9 10.0 14.0 15.0 17.0 21.0 
Minimum: 6.4 4.6 11.0 12.0 8.5 7.0 
Figure C - 4: Recorded resistivity measurements throughout testing period for Mix 
























































Resistivity Measurements (kQcm) vs. Time (weeks): 
6 12 18 24 
5.6 9.5 12.0 14.0 
5.0 8.5 11.0 11.0 
3.4 8.9 12.0 6.8 
5.1 9.6 11.0 13.0 
5.5 10.0 11.0 13.0 
5.6 9.3 11.0 13.0 
5.7 10.0 13.0 14.0 
5.1 8.6 11.0 12.0 
6.0 9.4 10.0 7.8 
5.3 9.6 12.0 13.0 
5.6 9.5 11.0 14.0 
5.6 9.6 11.0 13.0 
5.5 10.0 12.0 13.0 
4.7 8.8 10.0 11.0 
5.6 9.6 13.0 11.0 
7.2 6.8 12.0 13.0 
5.4 9.5 11.0 13.0 
5.7 9.7 11.0 13.0 
5.0 9.3 11.3 11.8 
5.6 9.5 11.3 12.3 
5.7 9.1 11.5 12.3 
5.42 9.27 11.39 12.14 
0.72 0.76 0.85 2.00 
0.17 0.18 0.20 0.47 
7.2 10.0 13.0 14.0 





























Figure C - 5: Recorded resistivity measurements throughout testing period for Mix 
No.2 containing 2 bars. 
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2-BAR Resistivity Measurements (kQcm) vs. Time (weeks): 
Location: 0 6 12 18 24 30 
1 8.2 7.7 12.0 14.0 15.0 19.0 
2 7.4 5.4 10.0 12.0 13.0 15.0 
....... 
3 9.8 3.6 10.0 13.0 14.0 18.0 
~ 4 8.0 7.6 11.0 13.0 14.0 18.0 
5 8.2 6.8 11.0 12.0 13.0 18.0 
6 8.1 6.0 11.0 13.0 15.0 17.0 
f.\it;''' , ", "',~",,~",~;>Ii'~ . 'f"'-~'d.~ti;:~i:::J:"\,;~ . · ~\~~;.:-;-;-r:. - /<f:. _: ~r~ : _~. ~-:-__ ; ;"' i - :.: •. : -';" ;. -~.--:-.::.<. :' : ) ;~ : -::.:8:' :' .... > .":':'; " :::;~ _y:).~ ~..:: .. d"j. ~ ~:·.1.:·c: ': .:.~j :;; · f; · : ·~·~ :)f;~:Y~Ji· :":-'-"j'- \ 
..:..:, 1 9.8 7.7 12.0 15.0 15.0 18.0 
a 
'::I- 2 8.2 3.5 10.0 12.0 13.0 16.0 c::i 
...... 
~ <";l 3 9.0 5.1 10.0 10.0 14.0 16.0 ~ 
'- ~ 4 8.2 6.8 11.0 12.0 14.0 16.0 10: 
'" 
.§ 5 8.1 4.3 12.0 13.0 13.0 16.0 
\.) 
'" ~ 6 8.1 5.9 11.0 18.0 11.0 17.0 
ti)i;; :~:·;:"Ei;h" '~~';':!'f.;·,;';>< , ts , · '£ ~;!.~GV'·~ .:1 :-::\..~ :-':'" "'; '_'7 .:,'. ~ ~~':;~" «:-~ ,,~~{:"'; ::: : "-'::" ;'-~ " ' :' :'."~"',~ __ ('-1; ::- .:;:~.:~t·~ ~:JC5"?!l~::'t' 1,~ -; - .,' '~ , : l);~_~.:?'::,j~j,~~~.·.' 
1 9.0 5.6 10.0 11.0 13.0 15.0 
2 6.1 5.5 9.3 10.0 12.0 15.0 
"';l 3 8.2 6.3 11.0 12.0 14.0 14.0 
~ 4 6.6 6.8 10.0 12.0 14.0 15.0 
5 7.2 6.0 10.0 11.0 14.0 16.0 
6 7.8 6.1 9.6 12.0 13.0 15.0 
FA-1 Average: 8.3 6.2 10.8 12.8 14.0 17.5 
FA-2 Average: 8.6 5.6 11.0 13.3 13.3 16.5 
FA-3 Average: 7.5 6.1 10.0 11.3 13.3 15.0 
Overall Average: 8.11 5.93 10.61 12.50 13.56 16.33 
Standard Dev.: 0.94 1.25 0.84 1.86 1.04 1.41 
SEM: 0.22 0.30 0.20 0.44 0.25 0.33 
Maximum: 9.8 7.7 12.0 18.0 15.0 19.0 
Minimum: 6.1 3.5 9.3 10.0 11.0 14.0 
Figure C - 6: Recorded resistivity measurements throughout testing period for Mix 







































































































































































Figure C -7: Recorded resistivity measurements throughout testing period for Mix 
No.1 containing 4 bars. 
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4-BAR Resistivity Measurements (kQcm) vs. Time (weeks): 
Location: 0 6 12 18 24 
I 5.2 9.5 11.0 14.0 15.0 
2 5.0 9.6 12.0 15.0 12.0 
-. 
3 4.4 9.9 12.0 16.0 17.0 
, 
~ 4 4.4 9.4 11.0 14.0 15.0 
5 5.1 9.2 10.0 14.0 8.7 
6 5.9 10.0 9.5 12.0 16.0 
~:;''j;..~:"~:;;;,,,~ ••. ~ ... ~~~,,~ :Ji'h?..t'Ji:. .. ;':O~~·_,,~·~1~~f,~i'.~··~·j/{~. ~~ ~~, :,. ·1f~~~ _ ,~l-':-;j~:"~~~;;",."-~- ~~,·$ '-,Sili}';:';);t,;'k~ .:·"~",;t;:.;;,;>~f; ,.t.'t ;\~f!'.~··~1iJ> 
...:..:., J 6.7 6.9 6.9 11.0 11.0 
Ir) 
"1- 2 3.4 7.6 8.5 10.0 11.0 c::i 
....... 
~ C';I 3 2.5 7.0 8.5 11.0 12.0 ~ 
'- ~ 4 5.3 8.6 9.7 16.0 8.6 t: 
<U 
.§ 5 5.2 8.5 10.0 13.0 14.0 (,) 
<U 
~ 6 4.3 8.5 10.0 14.0 16.0 
til' :~. :>ji,"'~i:t:,~:N1;.~')i,~<'~;Y,''!:,r. ·:-:>~s:,-.. "~\r·~, ::;;/\. -?:·.'}k":' '· ·::"'f:\·; ~;: · :·::· '·" '!f$;."if.'!f.· :';.i2i': '~<,:-.Ji~~;s;<.~;r:si1't~~,?4f 
I 8.6 9.5 12.0 16.0 18.0 
2 4.1 11.0 12.0 15.0 17.0 
"';l 3 3.5 11.0 13.0 1.0 17.0 
~ 4 3.2 10.0 9.5 12.0 14.0 
5 3.3 9.6 10.0 12.0 14.0 
6 2.8 8.2 9.4 13.0 12.0 
FA-1 Average: 5.0 9.6 10.9 14.2 14.0 
FA-2 Average: 4.6 7.9 8.9 12.5 12.1 
FA-3 Average: 4.3 9.9 11.0 11.5 15.3 
Overall Average: 4.61 9.11 10.28 12.72 13.79 
Standard Dev.: 1.50 1.18 1.55 3.44 2.86 
SEM: 0.35 0.28 0.36 0.81 0.68 
Maximum: 8.6 11.0 13.0 16.0 18.0 
Minimum: 2.5 6.9 6.9 1.0 8.6 
Figure C - 8: Recorded resistivity measurements throughout testing period for Mix 
No.2 containing 4 bars. 
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4-BAR Resistivity Measurements (kQcm) vs. Time (weeks): 
Location: 0 6 12 18 24 
1 5.0 8.5 10.0 12.0 14.0 
2 3.5 7.9 9.6 12.0 10.0 
-
3 3.5 8.4 9.4 12.0 17.0 
~ 4 6.0 9.4 11.0 15.0 13.0 
5 3.3 8.5 10.0 13.0 15.0 
6 7.7 9.1 10.0 13.0 15.0 
~ ":~~~, ~ ..... : ':~?£·.: t. ·';'.~t~;:-:.$~ .; •. ~!ct' ~~~$i:~:t._:'~'·"""'':'~~- ~-:!: '2:~~~~;~:#fo~~~~~~D~:· t~'»;~~...i:';~~'-j;:·", · ,y;,'t'l--; ..... ".d·~;)f"f ·",; ·:·~r .. :,'" " 't~~.~- ·~1&k-:!:1<·J~: 
~ 1 4.4 8.1 8.5 9.6 8.6 
0 
"t 2 4.3 8.1 8.5 8.9 11.0 c::; 
"'-
~ <';l 3 3.4 8.0 8.5 9.3 11.0 ~ 
'-- ~ 4 6.3 9.0 10.0 7.8 11.0 Ii:: 
~ 
.§ 5 5.0 
u 
9.0 9.6 12.0 12.0 
~ 
~ 6 4.3 8.8 9.5 12.0 15.0 
,f.g;-:.>·~ :t:~~::t:, "·'i.&a~.;:Kr.kf.f&: ~~'?lI;i:"!q{),,,.,,:: '";/;i:i';"'''i}:lrfj~Jl;l''''·~''~~:· ," " .... ~. L.~,~ ';:.Pf-Jlii1}' i""!" • ':'" " ..~ 
'" 
1 5.1 8.5 9.5 11.0 15.0 
2 4.2 8.8 9.0 12.0 15.0 
"';l 3 5.1 9.0 10.0 13.0 15.0 
~ 4 6.0 7.4 7.5 9.0 9.3 
5 3.0 8.1 8.6 10.0 11.0 
6 3.5 8.1 8.8 11.0 12.0 
FA-l Average: 4.8 8.6 10.0 12.8 14.0 
FA-2 Average: 4.6 8.5 9.1 9.9 11.4 
FA-3 Average: 4.5 8.3 8.9 11.0 12.9 
Overall Average: 4.64 8.48 9.33 11.26 12.77 
Standard Dev.: 1.26 0.52 0.83 1.84 2.43 
SEM: 0.30 0.12 0.19 0.43 0.57 
Maximum: 7.7 9.4 11.0 15.0 17.0 
Minimum: 3.0 7.4 7.5 7.8 8.6 
Figure C -9: Recorded resistivity measurements throughout testing period for Mix 
No.3 containing 4 bars. 
Measurement of the acid soluble chloride content of hardened concrete by 
the ReT method 2. BAt( eO!VTRoL. 
Report #: ______ Slruclure: .. ~ ______ Projecl: ______ _ 
Date or testing: Eledrode #: Person: _______ _ 
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Figure C - 10: Typical data sheet used while conducting a chloride analysis upon a 
set of ponding specimens. 
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